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NUCLEOSOME STRUCTURE AND DYNAMICS
CHARACTERIZED BY ATOMIC FORCE MICROSCOPY
ABSTRACT

Tommy Stormberg, Ph.D.
University of Nebraska Medical Center, 2022
Supervisor: Yuri L. Lyubchenko, Ph.D., D.Sc.
Nucleosomes are the basic repeating unit defining the assembly and function of chromatin.
Understanding the fundamental mechanisms of nucleosome structure and dynamics is critical to
elucidating the chromatin assembly process. This dissertation describes my work in elucidating the
role of different factors that drive the nucleosome dynamics.
In my first study, we characterized, for the first time, the effect of sequence on nucleosome
assembly. We then characterized the role of internucleosomal interactions, discovering a critical
role internucleosomal interactions in the assembly of higher order structures.
Based on the previous study and literature regarding histone tails, we hypothesized the
histone H4 tail is critical in internucleosomal interactions. We characterized nucleosomes lacking
the H4 tail on different sequences and discovered the H4 tail, thought to facilitate internucleosomal
interaction, is responsible for nucleosome stability in a sequence dependent manner. We also
discovered that internucleosomal interactions rescue nucleosome instability due to H4 truncation.
To test the hypothesis that DNA sequence and internucleosomal interactions are the factors
that determine nucleosomal compaction, we assembled tetranucleosomes on DNA substrates with
different sequences and simulated random nucleosome placement. In a first of its kind study, our
data, supported by a theoretical model, revealed that nucleosomes adopt a condensed conformation
at a predictable rate significantly higher than seen in simulations, confirming nucleosomes
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communicate and interact to form heterogeneous higher order structures, as opposed to the
theorized homogenous structure.
In forward-looking studies, we addressed unanswered questions in complex nucleosome
systems. In the first, we studied the nucleosome variant containing centromere protein A (CENPA) on centromeric DNA, hypothesizing this unique region contains structures distinct from bulk
chromatin due to these two features. Our results indicate that CENP-A nucleosomes assemble
similarly to canonical (H3) nucleosomes on centromeric and other DNA, indicating assembly is
dictated by interplay with other factors. In the second, we studied the interaction of transcription
factor (TF) nuclear factor-κB (NF-κB) with nucleosomes, hypothesizing that it can alter
nucleosome structure. For the first time, we discovered this TF induces nucleosome unraveling and
identified it as a pioneer factor. We proposed two models explaining the interaction of NF-κB with
nucleosomes.
This dissertation also describes advances we have made in methodology for studying
nucleosomal systems. We successfully designed a DNA nanoring to induce mechanical strain upon
the DNA, which can be used to mimic the strain imposed by DNA wrapping around nucleosomes.
Another structure we designed, a three-way junction as a DNA end-label, was applied to
nucleosome assemblies, demonstrating its usefulness in the study of nucleosomal systems.
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CHAPTER 1. INTRODUCTION
In order to fit within the nucleus, genetic DNA in eukaryotes must be tightly packaged
into chromatin. Chromatin structure must be compact, yet accessible for critical cellular functions
such as gene transcription and DNA replication. At the fundamental level, chromatin structure is
dictated by the structure of nucleosomes. Nucleosomes are the basic building block of chromatin
which consist of histone proteins tightly wrapped by DNA. The balance between compaction and
accessibility is regulated by interactions with and between nucleosome structures. TFs can recruit
nucleosome remodelers or even directly interact with histones to alter DNA accessibility. Direct
histone-DNA interactions also play a role in chromatin assembly. The importance of the
nucleosome to the structure of chromatin is well appreciated; yet the details of the structure and
dynamics of nucleosome systems remain poorly understood.
This dissertation focuses on the features that dictate the assembly of the chromatin,
including DNA sequence, internucleosomal interactions, histone modifications, histone variants
and transcription factors. Atomic Force Microscopy (AFM) was used as a direct single-molecule
approach to study nucleosome complexes with nanoscale precision. These studies provided
insight into the formation of eukaryotic chromatin.
1.1

The Nucleosome
The nucleosome core particle (NCP) is the basic repeating unit defining the first order of

DNA compaction in eukaryotic chromatin (1–6). Canonical nucleosomes consist of a histone
octamer (composed of two copies of H2A, H2B, H3, and H4 each) tightly wrapped by
approximately 147 bp of DNA, making about 1.65 superhelical turns around the NCP (7–10).
They are separated by linker DNA, which can typically range anywhere from 20-90 bp between

nucleosomes (7, 8, 11). The primary purpose of nucleosomes is to package genomic DNA
within the nucleus. The nucleosome, being the first step in this process, further compacts through
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interactions with linker histone H1 (12) and other NCPs, which will be introduced further in
section 1.2.
Nucleosomes are formed during S phase of the cell division cycle, when chromosome
replication takes place (13, 14). During cell division, nucleosomes are evicted to allow for
replication, headed by the replication fork, and involves direct interaction of the replication fork
(15, 16). Histones can be either transferred directly onto replicated DNA or assembled from
newly synthesized histone proteins (17–20). Chromatin assembly factor CAF-1 is a key player in
the assembly of new nucleosomes during replication (21, 22). First, CAF-1 mediates the histone
H3/H4 tetramer deposition along the DNA, creating a tetrasome (23). Next, two H2A/H2B
dimers join with the tetrasome to form the full octamer, and in turn, the nucleosome complex.
This process is mediated by several factors- histone chaperones, for example, deposit histones
along the DNA (24–26).
Together with histone H1, the nucleosome forms the chromatosome, the second step in
DNA compaction, comprising approximately 166 bp of DNA (12, 27). These structures continue
to compact, wind, and loop to form progressively higher order structures. Higher order structure
was first viewed by electron microscopy as a “beads on a string” conformation comprised of
NCPs linked by linker DNA (28–30). These structures were thought to further assemble into what
was called the 30 nm fiber (31–33). Yet, more recently, studies have suggested that chromatin
predominantly comprises heterogenous, irregular structures (34–39). The regularity and
formation of these structures is likely influenced by the DNA sequence on which the nucleosomes
assemble (40–42). For example, nucleosome depleted regions, found in the promoter and
terminator regions, contain rigid DNA sequences that inhibit the assembly of nucleosomes (43–
48). Similarly, telomeric repeats inhibit the assembly of nucleosomes (49). Historically, singlemolecule studies of nucleosomes utilize nucleosome positioning sequences, such as the Widom
601 sequence (50) or 5S rDNA (51) that may skew our understanding of nucleosome structure. In
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this dissertation, one focus is on the influence of DNA sequence in the assembly of nucleosomes,
using nonspecific and biologically relevant DNA sequences.
1.2

Histone Interactions and Modifications
The intrinsically disordered histone tails of the nucleosome mediate the interactions

between DNA, other histones, and other cellular machinery, such as chromatin remodelers (52–
55). Histones, which are positively charged, interact with negatively charged DNA to induce a
complex with DNA wrapped well past the persistence length (4, 56). These interactions dictate
the stability of the nucleosome.
Additionally, histone tails interact with proximal histones as a part of their organization.
A major histone-histone interaction is that between the H4 tail and the acidic patch of the
H2A/H2B dimer of a proximal nucleosome (4, 57). Other histone interactions include the
internucleosomal interactions of histone H3 with proximal nucleosomal DNA in condensed
arrays (53, 58). Histones have been observed to communicate even at great distances, as far as 4.5
kb along the genome (59). Importantly, these interactions are likely a critical factor in the
complete structure of chromatin. Rather than the uniform 30 nm fiber model proposed, higher
order structures may be heterogenous and irregular due to the complex histone interactions at
play. A recent study has identified nucleosome clusters of intermediate size (60). Other studies
have proposed the second order of chromatin compaction is the tetranucleosome, and its structure
is critical for the regulation of gene expression (38, 61–63). Internucleosomal interactions are
another focus of this dissertation.
Histone interactions are ubiquitous and perform a variety of functions. As the
fundamental building block of chromatin, chromosomal functions by definition implicate histones
in their function. For example, several histones, including H2A, H3, and H4, are also heavily
involved in DNA break repair (64–66). Modifications to histone tails are a primary means of
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regulating cellular processes such as transcription (67–70) and replication (71–74). Nucleosomes
tightly package genomic DNA, but this tight packaging acts as a barrier to such processes (75–
78). In order for transcription to occur, nucleosomal DNA must be released from the NCP. How
is this achieved?
Post-translational modifications (PTMs) to the histone tails, alongside interactions with
chromatin remodelers and pioneer factors, are a primary means of accessing nucleosomal DNA,
allowing TFs to perform their functions (79, 80). Histone modifications are ubiquitous and serve
a variety of functions. As an example, several histone PTMs, such as acetylation at H3K56 and
trimethylation at H3K4 are associated with euchromatin, allowing access for transcription (81–
84). On the other side, histone PTMs such as methylation at H3K9 and ubiquitination at
H2AK119 hold the opposite effect and are associated with heterochromatin and gene silencing
(85, 86). Methylation, phosphorylation, acetylation, SUMOylation, and ubiquitination of different
histone residues serve vast and diverse roles in the structure and dynamics of chromatin (80).
Ultimately, histone modifications serve critical and dynamic roles in gene expression as well as
other epigenetic phenomena. These modifications largely occur on the intrinsically disordered
histone tails; yet the fundamental influence of the histone tails in the context of DNA sequence
and internucleosomal interactions is not well understood.
Modifications happen to all histone tails, but of particular note is histone H4. Histone H4
is one of the most evolutionarily conserved proteins, being present in all nucleosomes (87, 88).
Moreover, Histone H4 is modified in a range of processes, from DNA damage response (89, 90)
to gene silencing (91, 92), and transcriptional activation (93). Importantly, as mentioned above,
the histone H4 tail is thought to interact directly with the acidic patch of H2A/H2B histones (4,
57), making it an important player in internucleosomal interactions. Because different
modifications to the tail serve such a wide variety of functions, we approached the question by
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addressing the inherent function of the tail, by means of exclusion. Understanding how the
histone H4 tail affects nucleosome structure is another focus of this dissertation.
1.3

Centromeric Chromatin
The generation of two genetically identical daughter cells from a parent cell is achieved

through mitosis when sister chromatids are divided evenly between the newly formed cells.
Critical to this process is a specialized locus possessed by chromosomes called the centromere,
which serves as the point of spindle fiber attachment via the kinetochore when distributing the
chromatids to the daughter cells. Without a functioning centromere, chromosome segregation
becomes aberrant resulting in aneuploidy, a hallmark of cancer (94). The characteristic feature
defining centromere nucleosomes is the presence of CENP-A, which replaces histone H3 in
nucleosomes at this chromatin region (95, 96). Unlike canonical nucleosomes containing histone
H3 which wraps DNA in ~1.75 turns around the histone core, in nucleosomes containing CENPA the histone core wraps only 1.5 DNA turns (48, 97, 98).
Our group proposed a model that describes the structural consequences of nucleosomes
and their arrays that may arise when DNA makes only 1.5 turns around the histone core and how
it can help to distinguish the centromere from bulk chromatin (99). It was further hypothesized
that the dynamic pathways followed by CENP-A nucleosomes are unique from those with H3,
which likely play a role in centromere maintenance and function. In line with this hypothesis,
single-molecule biophysics methods capable of probing the transient states of nucleosome
dynamics have found CENP-A nucleosomes to be highly dynamic and capable of spontaneous
disassembly (100–103).
Members of our lab performed direct imaging of CENP-A nucleosomes by High-Speed
AFM (HS-AFM) and revealed several dynamic pathways unique to CENP-A nucleosomes that
were not observed for H3 nucleosomes (103). The spontaneous unwrapping of DNA from the
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CENP-A core was found to be accompanied by the dynamic formation of loops of DNA at the
size of one wrap of DNA. Loops were also found to mediate the reversible translocation of a
CENP-A core along the DNA substrate, eventually resulting in the transfer of the nucleosome
core to a new, previously unoccupied DNA substrate.
An intriguing property of the translocation process is the stepwise manner in which it
progresses, suggesting a possible sequence dependence of the process. Of note is the presence of
tandem repeats of DNA, termed alpha-satellite (a-sat). The a-sat motifs share high sequence
identity, and all motifs are A-T rich and 171 bp in length (104). These motifs form higher order
repeats spanning thousands of bases, which together comprise the centromere region spanning
several megabases (105).
The centromere contains several other centromere-specific proteins and complexes which
are likely to interact directly and specifically with CENP-A nucleosomes and centromere DNA.
Centromere proteins B and C (CENP-B and CENP-C, respectively) are thought to be critical to
the formation of the kinetochore and are both known to interact with one another and CENP-A.
Recently, cryo-EM revealed the structure of the inner kinetochore and its interaction with CENPA (106). However, this study did not include CENP-B protein or the DNA sequence-specific
interaction, and thus, many questions still remain. In this dissertation, we explore the assembly of
CENP-A nucleosomes along different DNA substrates.
1.4

Significance
Nucleosomes are the fundamental building block of eukaryotic chromatin, and in turn,

are involved to some extent in nearly every cellular process. Thus, understanding their structure,
interactions, and dynamics is of great interest and importance across all biomedical, biophysical,
and biochemical fields. The field of epigenetics, in particular, has an interest in how DNA
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sequences are read- by nature, nucleosome structure and assembly, modulated by processes
described above, are the first step in epigenetic function.
While there have been many studies concerning the structure and dynamics of
nucleosomes, much is still unclear. This is in part due to the difficulty in studying nucleosome
structures at the single molecule level. Consequently, there are conflicting or missing reports on
the effect of DNA sequence on nucleosome assembly, the importance of internucleosomal
interactions in higher order structure, the unique properties of centromeric chromatin, the role of
histone tails in internucleosomal interactions, and more. This, in turn, has impeded the progress in
the development of an epigenetic blueprint defining the dynamic structure and function of
chromatin.
The results presented in this dissertation elucidate the influence of these important
properties, such as DNA sequence, internucleosomal interactions, histone tails, and centromeric
nucleosomes. The use of AFM allowed us to study these characteristics at the single molecule
level. These results help answer important questions surrounding the structure of chromatin,
highlighting the importance of nucleosome dynamics and sequence-dependent interactions.
Future studies, described in Chapter 7, highlight the direction the research described herein is able
to push us in, with the ability to study the interactions between nucleosomes and TFs and the
effect of mechanical stress, as well as precise identification of the position of protein-DNA
interactions.
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CHAPTER 2. METHODS
Work from publication: Probing the structure and dynamics of nucleosomes using atomic force
microscopy imaging, Journal of Visual Experiments, 2019
2.1

Introduction
In this Chapter, a general description of the approaches used for AFM experiments in this

dissertation is provided. This Chapter is not exhaustive; specifics of each approach, where
relevant, have been given in the Methods section of each subsequent Chapter.
2.2

DNA Substrate Preparation
In most experiments, The DNA substrates used in nucleosome assembly were

generated using PCR with a pUC57 plasmid vector from BioBasic (Markham, ON, Canada) as
template. A biotinylated reverse primer (IDT, Coralville, IA) was used on all substrates for
streptavidin (SA) or rhizavidin (RZ) labeling. After the DNA substrates were generated, they
were concentrated and purified using gel electrophoresis and separated from the gel using the Gel
Extraction Kit from Qiagen (Hilden, DE). DNA concentration was then determined using
NanoDrop Spectrophotometer (ND-1000, Thermo Fischer) before being used for nucleosome
assembly.
2.3

Nucleosome Assembly
Recombinant human histones expressed and produced in E.coli were used for all studies.

Nucleosomes were assembled by three primary methods depending on the nature of the
experiments- stepwise dilution, gradient dilution, and gradient dialysis. The methods are listed
here and in the relevant Methods section of the respective Chapter.
2.3.1

Stepwise Dilution
Nucleosomes were assembled using the stepwise dilution assembly protocol described in

papers (103, 107, 108). Briefly, recombinant histone octamers were initially dialyzed against
dialysis buffer (20 mM Tris pH 7.5, 2 M NaCl, 1 mM EDTA, 5 mM 2-mercaptoethanol) at 4 °C
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for 1 h. DNA was then mixed with the octamers at a 1:1 molar ratio for mononucleosome
samples, while dinucleosomes were assembled at a molar octamer-to-DNA ratio of 3:1. The
mixture was diluted in four steps with incubation for 30 min at each step from an initial buffer
concentration of 2 M NaCl to a final buffer concentration of 250 mM NaCl in 10 mM Tris, pH
8.0. NaCl concentrations at each step were 2 M, 1.48 M, 1 M, 600 mM, and 250 mM,
respectively. Nucleosomes were then stored at 4°C.
2.3.2

Gradient Dilution
For CENP-A nucleosome studies, recombinant human CENP-A/H4 tetramers and

H2A/H2B dimers were purchased from EpiCypher (Research Triangle Park, NC), while for H3
nucleosomes, recombinant human octamers containing H3 were purchased from EpiCypher.
Nucleosome assembly was achieved using the continuous dilution method, as described in (108).
Briefly, purified DNA was mixed with histones at a 1:2:1 ratio of DNA:dimer:tetramer for
CENP-A and a 1:1 ratio of DNA:octamer for H3 nucleosomes in a buffer containing 2M NaCl
and 10 mM Tris pH 7.5. A syringe pump was used to reduce the concentration to 200 mM NaCl
over the course of 120 min. Nucleosomes were then stored at 4°C.
2.3.3

Gradient Dialysis
Recombinant human histone octamers were purchased from The Histone Source (Fort

Collins, CO) for assembly. Before assembly, histones were dialyzed against the initial dialysis
buffer (10 mM Tris pH 7.5, 2 M NaCl, 1 mM EDTA, 2 mM DTT) at 4°C for 1 hour. DNA (25
pmol) was then mixed with the histone octamer at a molar ratio of 1:5. The total volume of the
mixture was adjusted to 10 µL with 5 M NaCl and DDI H2O so that the starting concentration of
NaCl in the reaction is 2 M. The mixture was diluted with dilution buffer (10 mM Tris pH 7.5)
using a syringe pump (0.07 µL/min for 1000 min) to gradually decrease the salt concentration to
0.25 M NaCl, allowing the histone to bind the DNA and form the nucleosome core particle. The
nucleosomes were then dialyzed for 1 hour against a fresh low salt buffer (10 mM Tris pH 7.5,
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2.5 mM NaCl, 1 mM EDTA, 2 mM DTT) before being diluted to 300 nM and stored at 4°C. The
final concentration of the nucleosome was adjusted to 2 nM right before deposition using imaging
buffer (10 mM HEPES pH 7.5, 4 mM MgCl2).
2.4

DNA Labeling
Nucleosomes were labelled at a terminal biotin using RZ (109, 110) or SA, which bind

specifically to the biotinylated DNA terminus. Assembled mononucleosomes were incubated
with SA for 5 min at room temperature at a molar ratio of 2:1 SA:nucleosome in incubation
buffer (10 mM Tris pH 8.0, 125 mM NaCl, 5 mM MgCl2.). Dinucleosomes were incubated with
RZ for 5 min at room temperature at a molar ratio of 4:1 RZ:nucleosome in incubation buffer.
After incubation, samples were immediately prepared for imaging.
2.5

Surface Functionalization
The 50 mM 1-(3-Aminopropyl) silatrane (APS) stock solution was prepared in DDI H2O

as described in (111). The stock solution can be kept for more than a year at 4°C. An aliquot of
15 ml working APS solution (167 μM) was diluted from the APS stock. Mica strips (1 × 3 cm)
can be cut from high-quality mica sheets, which will be placed diagonally in a cuvette. A
schematic of the process to prepare APS functionalized mica for AFM imaging is shown in
reference (108). We use a razor blade to cleave layers of the mica until both sides are freshly
cleaved. The freshly cleaved mica will be placed into the APS-filled cuvette and incubated for 30
min. We then rinse the mica piece under running DDI H2O droplets or slow fluid for ~10 s. Both
sides of the APS-mica strip will be dried under the gentle argon flow. After that, the APSfunctionalized mica is ready to use. Otherwise, it can be stored in a clean cuvette in a vacuum
chamber or in the argon atmosphere for at least a week.
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2.6

AFM Imaging
Three types of AFM imaging were used in this dissertation- static AFM imaging in air,

time-lapse AFM imaging in aqueous buffer, and HS-AFM imaging in aqueous buffer.
2.6.1

AFM Imaging in Air
The nucleosome stock solution was diluted from 300 nM to 2 nM in imaging buffer (10

mM HEPES pH 7.5, 4 mM MgCl2) immediately before deposition on the freshly cleaved and
functionalized mica. The sample was left to incubate for 2 minutes before being rinsed with water
and dried with argon flow. Samples were stored in vacuum before being imaged on Multimode
AFM/Nanoscope IIId or MultiMode 8/Nanoscope V system using TESPA probes (Bruker Nano
Inc, Camarillo, CA). A typical image captured was 1×1 μm in size with 512 pixels/line.
2.6.2

Time-lapse AFM Imaging in Aqueous Buffer
Functionalized mica was prepared, and samples were deposited as described above.

10mM Tris-HCl pH 8.0 buffer was used for liquid imaging. The AFM used in this work is a
Nanoscope V system modified to incorporate a small cantilever head during an open-science
workshop at EPFL in the laboratory of Professor Georg Fantner (112). Samples were imaged
using FASTSCAN-D probes. Captured images were 500nmx500nm in size and a resolution of
1nm/pixel. Scan rate was 14.6 Hz.
2.6.3

HS-AFM Imaging in Aqueous Buffer
High-speed imaging was performed as described in our previous literature(103, 108,

113). Briefly, a thin piece of mica was punched into 2 mm diameter circular pieces, which were
glued onto the sample stage of the HS-AFM (RIBM, Japan). For functionalization of this mica
surface, 2.5 μL of 500 μM APS solution was deposited onto the mica and incubated for 30 min by
covering with a wet cap. The mica surface then was rinsed with 20 μL of deionized water. 2.5 μL
of the DNA or nucleosome sample was deposited onto the APS functionalized mica surface and
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incubated for 2 min. The sample was then rinsed and put into the fluid cell containing the imaging
buffer described above. During the whole process, the mica surface was not allowed to become
dry. Imaging was carried out by HS-AFM using electron beam deposition (EBD) tips. Typical
scan size was 300 × 300 nm with a scan rate of 500 ms/frame.
2.7

Data Analysis
Many data analysis methods were used and are described in more detail in the subsequent

Chapters. Two of the most frequently used methods are listed here.
2.7.1

Free DNA Length Measurements
Free DNA length was measured using the contour length from the free end of DNA to the

center of the SA label using Femtoscan software (Advance Technologies Center, Moscow,
Russia), as shown in Figure 2.1A. The conversion of nanometers to base pairs was done for each
data set based on the measured length of free DNA appearing on the images. Flank measurements
for mononucleosomes were performed by measuring from the center of SA to the center of the
nucleosome for the SA arm and from the free end of DNA to the center of the nucleosome for the
non-SA arm (Figure 2.1B) and converted to base pairs. Dinucleosome flanks were measured in
the same fashion, whereas the internucleosomal distance was measured from the center of one
nucleosome to the center of the other (Figure 2.1C) and converted to base pairs. The flank lengths
were calculated by subtracting 5 nm from the measured values and the internucleosomal distance
or linker was calculated by subtracting 10 nm from the center-to-center distance values between
the 2 nucleosomes to account for the size contributed by the histone core (114, 115).
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Figure 2.1: Contour length measurements of complexes. Contour length measurements of
complexes. A) Free DNA measurements were made by measuring from the center of the SA to
the end of the free DNA. B) Mononucleosome measurements were made by measuring from the
center of SA to the center of the nucleosome (shown in green) and from the center of the
nucleosome to the end of the free DNA (shown in blue). C) Dinucleosome measurements for the
flanks were made in the same fashion as in B (shown again in green and blue). Linker length
measurements were taken from the center of one nucleosome to the center of the other (shown in
purple).
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2.7.2

Nucleosome Wrapping Efficiency
Wrapped DNA in number of DNA turns around the histone octamer (which we refer to as

wrapping efficiency) for mononucleosomes was calculated by subtracting the combined arm
lengths from the free DNA length. These lengths were measured from the end to the center of the
nucleosome, so the nucleosome size (10 nm) was added to obtain the length of wrapped DNA
from one end of nucleosome to another one. Similarly, the mean wrapping efficiency for
dinucleosomes was calculated by subtracting the combined arm and linker lengths from the free
DNA lengths plus 20 nm and dividing by 2. These methods were used to produce histograms and
mapping of nucleosome position and wrapping efficiency.
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CHAPTER 3. DNA SEQUENCE DEPENDENCE OF NUCLEOSOME STRUCTURE
Work from publication: Sequence-dependent nucleosome nanoscale structure characterized by
atomic force microscopy, FASEB Journal, 2019
3.1

Introduction
Nucleosomes assemble along eukaryotic chromatin by tightly wrapping negatively

charged DNA duplex around the positively charged octameric histone core. A full turn around the
histone core wraps approximately 80 bp of DNA, which is significantly shorter than the DNA
persistence length of approximately 150 bp (116). As such, it was proposed that deformations or
kinks along the DNA substrate allowed for such tight wrapping, likely in a sequence dependent
manner (117–119). By exploring the affinity of DNA sequences to nucleosome structures,
Lowary and Widom identified a DNA segment with high specificity to nucleosome positioning,
termed the 601 sequence (50). The 601 sequence has become the standard DNA segment used in
studies of nucleosomes, particularly at the single-molecule level, due to the highly efficient and
homogeneous assembly and positioning of the nucleosome. At the same time, our understanding
of nucleosome assembly along sequences other than the 601 sequence are limited. Importantly,
the 601 sequence is not a biologically found sequence- it was designed artificially to specifically
position nucleosomes with very high affinity.
We sought to identify how the DNA sequence affects nucleosomal positioning and the
wrapping of the DNA around the nucleosome. Our central hypothesis was that the DNA sequence
is a critical factor in the nucleosome structure. Here, we utilized AFM to characterize
nucleosomes on different DNA sequences. We assembled H3 nucleosomes on three substrates- a
DNA substrate containing the 601 motif, a nonspecifically binding DNA substrate (termed MS),
and a hybrid DNA substrate containing both the 601 motif and an extended MS region. The AFM
studies revealed that regardless of sequence, all DNA substrates make approximately the same
number of turns around this histone octamer. In the case of nucleosomes assembled on 601, the
turn distribution (or wrapping efficiency) is narrower. Mapping of the nucleosomes revealed that,
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while nucleosomes are always centered around the 601 motif, nucleosomes on the MS sequence
are distributed randomly. Dinucleosomes assembled on the hybrid sequence showed an effect of
internucleosomal interaction in the assembly of the nucleosome structures. These studies
highlight the importance of considering DNA sequence and internucleosomal interaction in the
assembly of nucleosomes.
3.2

Methods

3.2.1

DNA Substrate Preparation
The DNA substrates used in nucleosome assembly were generated using the methods

described in Chapter 2. For the mononucleosome substrates, 2 constructs were used; 1 construct
featured 147 bp of the strong positioning Widom 601 sequence (50) flanked by plasmid DNA of
113 and 117 bp, and the other replaced the 147 bp of the Widom 601 sequence with a nonspecific
sequence. The dinucleosome substrate featured the 147 bp of the Widom 601 sequence flanked
by 113 and 337 bp. After DNA substrates were generated, they were concentrated and purified on
an HPLC column (TSKgel DNA-STAT; Tosoh Corp., Tokyo, Japan). DNA concentration was
then determined using NanoDrop Spectrophotometer (ND-1000; Thermo Fisher Scientific,
Waltham, MA, USA).
3.2.2

Nucleosome Constructs

Three DNA substrates are used in this study, schematically shown in Figure 3.1 The 601 DNA
construct (Figure 3.1A) contains 147 bp 601 motif flanked by 113 and 117 bp segments of DNA
with no specific binding property to nucleosomes. One end of the DNA is biotinylated, so this
end can be identified on AFM images after reaction with SA. The second substrate (Figure 2B),
termed MS, has the same flanks, but the central 601 sequence was replaced with a plasmid
sequence with no specific nucleosome binding preference. The third substrate (Figure 3.1C) is
composed of these 2 DNA sequences with a biotin moiety placed at the end of the MS segment.
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Figure 3.1: DNA substrates. Schematic representation of the 3 substrates used. A) The 601
substrate. B) The MS substrate. C) The hybrid dinucleosome substrate. Sequence F1 represents
flank 1, a nonspecific sequence with a length of 113 bp. Sequence 601 represents the Widom 601
sequence of 147 bp. MS represents a nonspecific sequence of 147 bp. Sequence F2 represents
flank 2, a nonspecific sequence with a length of 117 bp. The black circles represent the biotin
label at the end of each substrate.

19

3.2.3

Nucleosome Reconstitution and SA Binding
Nucleosomes were assembled using the stepwise dilution assembly protocol described in

Chapter 2. Briefly, the nucleosomes were assembled over the course of 150 min using the
stepwise dilution protocol to dilute from an initial buffer concentration of 2 M NaCl to a final
buffer concentration of 250 mM NaCl in 10 mM Tris, pH 8.0. SA binding was achieved by
incubating SA (New England Biolabs) with nucleosome samples at a 2:1 M ratio at room
temperature for 15 min.
3.2.4

AFM Imaging and Data Analysis
The AFM preparation and acquisition are the same as described in Chapter 2. A 167-μM

solution of APS was used to modify freshly cleaved mica for 30 min at room temperature as
previously described in (100, 108, 113).
Free DNA length was measured using the methods from Chapter 2 and shown in Figure
2.1. Wrapping efficiency was also determined as described in Chapter 2.
3.3

Results

3.3.1

Mononucleosome Assembly on 601 and MS Substrates
Nucleosomes were first assembled on the 601 and MS mononucleosome substrates

shown in Figure 3.1A,B, dried, and imaged using AFM. A representative image of the
nucleosome assembly on the 601 and MS substrates can be seen in Figure 3.2A,C, respectively,
with a few zoomed in snapshots of the assembled nucleosomes in Figure 3.2B,D. The NCPs are
denoted by the large circular features with DNA flanks on either side. SA is denoted by the
smaller circular feature at the end of one of the DNA flanks. Note that SA is tetrameric and
capable of binding up to 4 nucleosomes at once- while selected snapshots feature single
nucleosomes bound to SA, multiple nucleosomes bound to a single SA is also observed.
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Figure 3.2: AFM images of mononucleosomes. Representative AFM images of
mononucleosomes. A) Large-scale AFM image of 601 mononucleosomes, 500 × 500 nm, with a
resolution of 2 nm/pixel. B) Gallery of enlarged 601 mononucleosomes. C) Large-scale AFM
image of MS mononucleosomes, 500 × 500 nm, with a resolution of 2 nm/pixel. D) Gallery of
MS mononucleosomes with varying flank lengths. Note the large circular features in the center of
complexes, the NCP, and the small end-positioned features, the SA label.
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By measuring the contour lengths of the DNA flanks and using the SA as a fiducial
marker, we were able to calculate the length of wrapped DNA. This values are shown in Figure
3.3. We found that, as expected, 601 nucleosomes show a narrow distribution of wrapping
efficiency with a peak value of 148 ± 15 bp (S.D., n=157), as seen in Figure 3.3A. This is in line
with the crystallographic value of 147 bp (120). A histogram of wrapping efficiency values for
MS nucleosomes is shown in Figure 3.3B. We saw that the peak gaussian value of wrapping
efficiency was consistent with that of canonically wrapped 601 nucleosomes- 143 ± 25 bp (S.D.,
n=153). This value is slightly lower than that seen for 601 nucleosomes; however, this difference
is not significant. At the same time, the distribution of wrapping efficiencies is wider for
nucleosomes assembled on the MS DNA, suggesting that sequence specificity is a factor that
contributes to the structural homogeneity of the nucleosomes assembled on the substrate with an
elevated affinity.
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Figure 3.3: Wrapping efficiency of mononucleosomes. Measured DNA wrapping for
mononucleosomes. A) A gaussian fit of a histogram with bin size of 15 bp has a peak centered at
148 ± 15 bp (S.D., n=157) for 601 mononucleosomes. B) A gaussian fit of a histogram with bin
size of 15 bp was found to be centered at 143 ± 25 bp (S.D., n=153) for MS mononucleosomes.
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Immediately apparent from the AFM images is that the MS nucleosomes do not adopt the
same homogenous structures seen in the 601 nucleosome population- instead, nucleosomes are
seen to assemble in different locations along the substrates, indicating that the DNA sequence is a
factor in the assembly of the nucleosomes. To analyze this, mapping of the nucleosomes was
performed. Mapping was based on the center position according to the length of the DNA flanks
and is shown in Figure 3.4. The SA label is denoted by the small blue circles at the top of each
bar. The data in Figure 3.4A indicate that 601 nucleosomes, as denoted by the red dots on the
map, occupy the position around the center of the 601 motif. These results demonstrate that
nucleosomes assembled on a DNA substrate containing the 601 motif assemble homogenously on
the motif. Mapping of the nucleosome position on the MS revealed a stark difference from that
observed with 601 nucleosomes. The data can be seen in Figure 3.4B. The large dark blue circles
indicate nucleosome position, while the small blue circles indicate the position of the SA label.
Nucleosomes assembled on the MS DNA are positioned all along the substrate with no
preferential placement. These data indicate clearly that DNA sequence plays a role in the
positioning of the nucleosomes.
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Figure 3.4: Mapping of mononucleosomes. Position mapping of canonically wrapped
nucleosomes for position-specific 601 nucleosomes (A) and nucleosomes assembled on the MS
substrate (B). The large red or blue dots indicate the position of the nucleosome, and the pale blue
dots denote the location of the SA label. Each bar indicates an individual nucleosome organized
by position from the free DNA end. The 601-type nucleosomes assemble according to the
location of the 601 sequence within the substrate, whereas nucleosomes on the MS DNA
substrate distribute evenly along the DNA.
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3.3.2

Dinucleosome Assembly on Hybrid Substrate
Using the same methods described above, we characterized dinucleosomes assembled on

the hybrid DNA substrate shown in Figure 3.1C, which combines the two substrates used to study
mononucleosomes. A representative AFM image of the dinucleosome assembly is shown in
Figure 3.5A, with zoomed in snapshots of dinucleosomes in Figure 3.5B. Though it appeared that
one nucleosome was consistently placed at a regular distance from the unlabeled DNA end,
indicative of positioning along the 601 motif, the position of the second nucleosomes was less
well defined. In Figure 3.5B, we show examples of the second nucleosome being located at
different positions along the substrate, with two very close nucleosomes shown in Figure 3.5B(i),
small separation in 3.5B(ii), and well separated nucleosomes in 3.5B(iii).
First, we evaluated the mean wrapping efficiency of the nucleosomes by measuring the
arm and linker lengths of the dinucleosomes, subtracting this value from the length of free DNA
plus 20 nm, and dividing by two. The data are shown as a histogram in Figure 3.5C. We found
that the distribution made over 164 dinucleosomes is centered around 149 ± 25 bp (S.D.), which
is in line with the values obtained for mononucleosomes.
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Figure 3.5: AFM results for dinucleosomes on the hybrid substrate. A) Large-scale AFM
image over 500 × 500 nm, with a resolution of 2 nm/pixel. White arrows point to the SA-labeled
DNA end. B) Gallery of enlarged AFM images of dinucleosomes with varying distance between
the nucleosomes: close location of the nucleosomes (i), distant location of the nucleosomes (ii),
and the image of the dinucleosome with the second nucleosome located at the SA-labeled end of
the DNA (iii). Numbers 1 and 2 correspond to the 601-specific and nonspecifically assembled
nucleosomes. C) Histogram of dinucleosome mean wrapping efficiency with bin size of 15 bp.
The histogram is approximated by a gaussian with the peak centered at 149 ± 25 bp (S.D.,
n=164).
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Wrapping efficiency of dinucleosomes matched that of mononucleosomes, but as
mentioned above, from the AFM images it was apparent that positioning along the substrate was
varied. We performed mapping of the dinucleosomes, and the results are shown in Figure 3.6A.
Nucleosome 1, positioned on the far end of the DNA substrate and in the region of the 601 motif,
is indicated by the red circles, and nucleosome 2, positioned nearer the SA label, is indicated by
the blue circles. Similar to what we saw with mononucleosomes, one nucleosome is typically
found on the region containing the 601 motif, tightly positioning along all measured
dinucleosomes. The other nucleosome is found occupying different positions beyond the 601
motif.
To understand how the position of both nucleosomes varies in more detail, we plotted the
length of both DNA flanks, or arms. The data is shown in Figure 3.6B,C. The nucleosome
position distribution of the unlabeled arm, corresponding to the region of the 601 motif, is shown
in Fig. 3.6B. The position of this nucleosome, which is defined by the distance from the unlabeled
DNA end, is narrow, with the maximum corresponding to the central position of the 601 motif.
The results are similar to the narrow positioning observed for the 601 mononucleosome sample.
The position of the second nucleosome, however, produces a broad bimodal distribution with
maxima around 80 and 160 bp, suggesting that placement is not purely random. We measured the
internucleosomal distance, or linker length, to see how position may be related to nucleosome
proximity. The data is shown in Figure 3.6D. What we found is that approximately half of all
nucleosomes were assembled within 50 bp of one another, suggesting that an interaction between
the nucleosomes may be influencing their position.
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Figure 3.6: Quantitative analysis of dinucleosomes. A) Dinucleosomes with a mean wrapping
efficiency of 130–160 bp were mapped based on the position of the nucleosome closest to the free
DNA end. Dinucleosomes maintain the strong positioning for the 601 segment. B) A similar
narrow distribution is observed for the dinucleosome 601 arm length compared with the narrow
positioning observed for the 601 mononucleosomes. C) The broad distribution of the MS arm
position is also like that observed for the MS mononucleosome, with no well-defined position
observed for either. D) The histogram of the linker distance between the 601 and MS nucleosome
cores reveals that around 50% of the dinucleosomes contained cores within 50 bp or less of one
another, as shown by the purple line indicating cumulative percentage of nucleosomes within that
length, pointing to an apparent preference of neighboring nucleosomes to be proximally
positioned to one another.
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3.4

Discussion
The AFM studies in this chapter characterized, for the first time, the effect of DNA

sequence on the assembly of nucleosomes. Moreover, we were able to identify a role of
internucleosomal interaction in the assembly of dinucleosomes. It was made possible by the
capability of AFM to accurately measure factors such as the nucleosome wrapping efficiency and
the position of the nucleosome along the DNA substrate relative to the terminal SA label. Here
we discuss the results in more detail.
3.4.1

The Role of DNA Sequence and Nucleosome Wrapping Efficiency
As is shown in Figure 3.4, nucleosomes assembled on the 601 sequence position tightly

and homogenously to the region of the 601 motif. Nucleosomes assembled on MS DNA,
however, show much different positioning patterns. MS nucleosomes assemble with no
specificity for the DNA sequence. This broad distribution of nucleosome positioning is in line
with the early studies of Lowary and Widom (121), who found that the difference in free energies
of nucleosomes, depending on the sequence, is in the range of 0.2 kcal/mol, which is below the
thermal energy level. However, as seen in Figure 3.3 and 3.5, nucleosomes along all DNA
substrates wrap a similar length of DNA, in the range of 143 bp for MS to 249 bp for the hybrid
601 DNA. Thus, the wrapping efficiency does not depend on the sequence. However, there is a
difference between the three types of nucleosomes studied here. The distribution of wrapped
DNA length is narrow for the 601 nucleosomes, but it is almost twice as wide for nucleosomes
assembled on the MS and hybrid DNA substrates. We interpret the broader distribution of the
wrapped DNA length for the MS and hybrid sequences as an elevated dynamics of wrapped DNA
for nonspecific sequences. Overall, these data suggest that the DNA wrapping efficiency is
defined primarily by the DNA binding properties of the histone octamer and that the DNA
sequence has a weak effect on this property of nucleosomes.
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3.4.2

Dinucleosomes and Internucleosomal Interactions
The results for dinucleosomes revealed some interesting data. Similar to that seen in

mononucleosomes, the nucleosome located on the 601 region of the DNA substrate is tightly
positioned around the 601 motif, whereas the second nucleosome is found in different positions
along the rest of the substrate, as seen in Figure 3.6. However, the distribution of nucleosome
position was not uniform for the second nucleosome, instead, it is bimodal, indicating a
preference of positioning of the second nucleosome relative to the first nucleosome positioned
around the 601 motif. This is shown graphically in Figure 3.6D, in which the population of
dinucleosomes within 50 bp of one another is the major population.
We analyzed the relationship between wrapping efficiency and internucleosomal
interaction to further explore this phenomenon. Figure 3.7 shows the mapping of dinucleosome
subpopulations corresponding to under wrapped dinucleosomes (mean wrapping efficiency less
than 130 bp), canonically wrapped (mean wrapping efficiency between 130-160 bp), and over
wrapped dinucleosomes (mean wrapping efficiency greater than 160 bp). In all subpopulations,
one nucleosome is found assembled around the 601 motif, while the second does not have a well
defined position.
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Figure 3.7: Dinucleosome subpopulation mapping. Dinucleosomes were divided into groups
representing the wrapped states indicated under each of the groups shown. Dinucleosomes
maintain the strong positioning for 601 even when under- and overwrapped. A) Underwrapped
dinucleosomes. B) Canonically wrapped dinucleosomes. C) Overwrapped dinucleosomes.
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The wrapping-efficiency based linker lengths are shown as histograms in Figure 3.8. In
all three cases, the distributions show an internucleosomal distance between 30 and 50 bp. Of
note is that this internucleosomal distance is consistent with the average linker distance of
approximately 38 bp that is found in various chromatin species (122–124). Based on these data,
we suggest that nucleosomes interact with one another independently of wrapping efficiency, an
important geometrical nucleosome characteristic (8, 9, 119, 123, 125). This suggests that other
factors unrelated to DNA define the interactions between the nucleosomes. We hypothesize that a
critical component is the role of histone tails, which are known to contribute to internucleosomal
interactions and have been shown to stabilize a nucleosome’s position (58, 126–129). Based on
the roughly equal populations of nucleosomes positioned near one another and at a distance, we
hypothesize that the internucleosomal interaction energy slightly exceeds the thermal energy.
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Figure 3.8: Dinucleosome subpopulation linker length. Standalone histograms of linker length
based on mean wrapping efficiency. A) indicates linker lengths for nucleosomes with a mean
wrapping efficiency of <130 bp. B) indicates linker lengths for nucleosomes with a mean
wrapping efficiency of 130–160 bp. C) indicates linker lengths for nucleosomes with a mean
wrapping efficiency of more than 160 bp.
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3.4.3

Conclusion
In conclusion, the effect of DNA sequence on nucleosome assembly was revealed in this

Chapter. This was the first direct study of nucleosome assembly on different sequences. We have
shown that the 601 sequence homogenously wraps and positions nucleosomes around the motif
region, but this property does not apply to less nucleosome specific regions. We have shown that
DNA wrapping efficiency is primarily a property of the histone octamer’s ability to bind DNA,
and only weakly dependent on sequence, where more natural sequences allow for higher
dynamics of the nucleosome. Moreover, we discovered that positioning along the DNA substrate
is more dependent on both the DNA sequence and internucleosomal interactions. Varying degrees
of positioning preference were identified, with high specificity in 601 nucleosomes, no specificity
in MS nucleosomes, and a degree of preference for nucleosomes proximal to one another. Thus,
histone octamer properties and DNA sequence are two important factors in the assembly of
nucleosomes. In upcoming chapters, we explore other factors that influence the assembly of
nucleosomes and higher order structures.
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CHAPTER 4. EFFECT OF HISTONE H4 TRUNCATION ON NUCLEOSOME
ASSEMBLY
Work from publication: Effect of histone H4 tail on nucleosome stability and internucleosomal
interactions, Scientific Reports, 2021
4.1

Introduction
In Chapter 3, we investigated the role of DNA sequence in nucleosome structure. We

identified a sequence dependence of nucleosome positioning, but not wrapping efficiency. We
also identified a role of internucleosomal interaction in nucleosome assembly. Here we expand
our study into the internucleosomal interaction by the truncation of the histone H4 tail.
As previously discussed, genetic DNA must be tightly packaged into chromatin to fit
within the nucleus in eukaryotes, and this packaging is achieved by the assembly of nucleosomes
forming compact structures (7, 8, 11). At the same time, genetic DNA must be accessible for
important biological functions such as gene transcription, and nucleosomes can act as a barrier to
these processes (75, 130, 131). One of the ways that this barrier is overcome is by PTMs to the
histone tails of nucleosomes. Histone tails interact with both DNA and other nucleosome cores to
compact chromatin, and modifications to the histone tails such as PTMs regulate these
interactions (67, 132, 133). Acetylation of the histone H4 tail, for example, contributes to the
opening of chromatin during replication (134), whereas methylation of H4 can regulate DNA
replication by compaction of the chromatin (135). This regulation is critical to biological
processes, as dysregulation of these systems is ubiquitous in many diseases, especially cancer
(136–138).
We established that internucleosomal interaction play a role in the structure of chromatin,
and literature supports the notion that this interaction can even happen at large distances between
histone tails (59). The histone H4 tail in particular is heavily involved in the chromatin structure
and stability, playing roles in both internucleosomal interaction and DNA break repair (66, 139–
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142). Despite this understanding, recent reports have suggested that truncation of the histone H4
tail do not significantly affect nucleosome structure. However, these studies were performed for
mononucleosome simulations (143), ignoring the effect of internucleosomal interaction, and
positioning sequences (144), ignoring the effect of DNA sequence, both which we identified as
important in Chapter 2. Thus, this is a question that must be addressed.
In this chapter, we utilized AFM to characterize both mononucleosomes and
dinucleosomes formed with a truncated H4 tail on different substrates. We studied the effect of
the truncation and positioning sequences on the formation of these nucleosomes. We found that
H4 tail truncation alters the DNA wrapping efficiency of nucleosomes and the internucleosomal
interactions. Importantly, we identify a rescue effect of internucleosomal interactions on the
wrapping efficiency of the truncated nucleosomes.
4.2

Methods

4.2.1

DNA Substrate Preparation
The DNA substrates used in nucleosome assembly were generated using PCR with a

pUC57 plasmid vector from BioBasic (Markham, ON, CA). A biotinylated reverse primer (IDT,
Coralville, IA) was used on all substrates for SA or RZ labeling.
For the mononucleosome substrates, two constructs were used; one construct featuring
147 bp of the strong positioning Widom 601 sequence (50) flanked by plasmid DNA of 113 and
117 bp, and another substrate which replaces the 147 bp of the Widom 601 sequence with a nonspecific sequence. Two dinucleosome substrates were also used; one featured the 147 bp of the
Widom 601 sequence flanked by 113 and 117 bp, while the other contained two copies of the
Widom 601 sequence, separated by 60 bp and flanked by 110 and 114 bp. The substrate
constructions are presented in Figure 4.1. DNA substrates were separated by gel electrophoresis
using 1% SeaKem LE Agarose gel (Lonza Group AG, Basel, Switzerland). The bands were
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excised and purified using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). DNA
concentration was then determined using NanoDrop Spectrophotometer ND-1000 (Thermo
Fischer, Waltham, MA).
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Figure 4.1: Schematic representation of the DNA templates. Schematic representation of the
four templates used. Schematics (A) and (B) represent the mononucleosome templates, while (C)
and (D) represent the dinucleosome templates. Sequence F1 and F2 represent flanks 1 and 2,
composed of nonspecific sequences.F1 is 110 bp and F2 is 114 bp on template (C). On all other
templates, F1 is 113 bp and F2 is 117 bp. Sequence 601 represents the Widom 601 sequence of
147 bp. MS represents a non-specific sequence of 147bp. MS2 represents the linker DNA, a nonspecific sequence of 60 bp. The black circles represent the biotin label at the end of each
template.
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4.2.2

Nucleosome Reconstitution
Human histone octamers were purchased from The Histone Source (Fort Collins, CO).

Compared to the Pubmed H3 sequence, the histone constructs from The Histone Source contain
the mutations G102A and G111A. The H4 truncated histones feature a 19 amino acid n-terminal
deletion. The sequence is
MKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKVFLENVIRDAVTYTEHAKR
KTVTAMDVVYALKRQGRTLYGFGG. Nucleosomes were assembled using the stepwise
dilution assembly protocol described in papers (103, 107, 108) and in Chapter 2. Nucleosome
assembly was verified by AFM imaging.
4.2.3

DNA Labeling
Nucleosomes were labelled at a terminal biotin using RZ or SA, which bind specifically

to the biotinylated DNA terminus. SA was used for labelling mononucleosomes and RZ (109,
110), a SA variant with smaller size, was used for labelling dinucleosomes. Assembled
mononucleosomes were incubated with SA for 5 min at room temperature at a molar ratio of 2:1
SA:nucleosome in incubation buffer (10 mM Tris pH 8.0, 125 mM NaCl, 5 mM MgCl2.).
Dinucleosomes were incubated with RZ for 5 min at room temperature at a molar ratio of 4:1
RZ:nucleosome in incubation buffer. After incubation, samples were immediately prepared for
imaging as described below.
4.2.4

AFM Imaging and Data Analysis
Sample preparation for AFM imaging and data analysis were performed as previously

described. These methods were used to produce histograms and mapping of nucleosome position
and wrapping efficiency. Histograms of DNA contour length measurements can be seen in Figure
4.2 Subsets of the data were sorted by wrapping efficiency to compare nucleosome structure and
interaction at various wrapping states. Data was separated into bins of nucleosomes wrapped less
than 130 bp, nucleosomes wrapped 130–160 bp, and nucleosomes wrapped more than 160 bp. All
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graphs were created using Origin, Version 6.0 (OriginLab Corporation, Northampton, MA,
USA). Gaussian fitting was performed automatically using Origin software’s “Fit Gaussian”
analysis function on each histogram. The reported peak values correspond to the output of the
“Fit Gaussian” analysis function. A non-parametric Kolmogorov Smirnov method was used to
determine the statistical significance of linker length distribution and subpopulations of linker
lengths based on wrapping efficiency between different dinucleosome substrates.
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Figure 4.2: DNA contour length measurements. Histograms of DNA contour length
measurements for bp conversions. (A) M1 DNA. (B) M3 DNA. (C) D1 DNA. (D) D4 DNA.
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4.3

Results

4.3.1

Mononucleosome Structures
H4 tail truncated nucleosomes were first assembled on the mononucleosome substrates

shown in Figure 4.1A,B. The substrate in 4.1A contains a centrally positioned 601 motif, while
the substrate in 4.1B replaces the 601 motif with a MS region of the same length. Nucleosomes
were labeled with SA prior to deposition and imaging. Images of the nucleosomes assembled are
shown in Figure 4.3. A representative image of the truncated nucleosomes assembled on the 601
substrate are shown in 4.3A, while those assembled on the MS substrate are shown in 4.3B.
Below each image are zoomed in snapshots of the respective samples. Gold arrows point to the
NCP, whereas the white arrows point to the SA label. From these images, as done in Chapter 2,
we were able to obtain descriptive parameters such as flank length, nucleosome position, and
wrapping efficiency.
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Figure 4.3: Mononucleosomes assembled with truncated H4 histones. Representative images
of mononucleosome samples with snapshots below. White arrows indicate SA and gold arrows
indicate the nucleosome core. Scale bars indicate 100 nm. (i), (ii), and (iii) show one, two, and
three nucleosomes bound by SA, respectively. (A) Nucleosomes assembled on 601 substrate. (B)
Nucleosomes assembled on MS substrate.
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We first characterized our nucleosomes assembled on the 601 substrate, and the data is
shown in Figure 4.4. DNA flanks were identified by presence or absence of the SA label; these
are called labelled arm and free arm, respectively. The flank lengths, shown in Figure 4.4A,B,
were plotted as a histogram fitted with a gaussian and reveal narrow peaks with mean values of
116 ± 2 bp (SEM) for the labelled arm and 113 ± 2 bp (SEM) for the free arm. These values are
consistent with the homogenous positioning of the nucleosome at the region of the 601 motif.
To verify this, we performed mapping of the nucleosomes, shown in Figure 4.4C. Each
bar represents a single nucleosome complex. The red dots indicate the position of the nucleosome
relative to the SA marker. We see that nucleosomes are narrowly positioned within the 601
region, indicating that the high affinity of the positioning sequence is not hindered by the
truncation of the histone H4 tail.
Lastly, we wanted to identify whether the truncation influenced the wrapping efficiency
of the mononucleosomes. The results are shown as a histogram in Figure 4.4D. Gaussian fitting
revealed a bimodal distribution of wrapping efficiency, with a large broader peak corresponding
to a slightly over wrapped conformation of nucleosomes and a minor peak corresponding to a
partially unwrapped nucleosome subpopulation. The mean wrapping efficiency of the
nucleosome population, however, corresponds to the crystallographic value for canonical
nucleosomes, with a measured value of 147 ± 3 bp (SEM).
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Figure 4.4: Analysis of 601 mononucleosomes. Histograms (A,B) reveal labelled and free arm
lengths of 116 ± 2 bp (SEM) and 113 ± 2 bp (SEM), respectively. (C) Positional mapping of
modified nucleosomes on the positioning substrate demonstrates positioning according to the
location of the 601 motif. (D) Histogram of nucleosome wrapping efficiency. The mean value of
wrapping efficiency is 147 ± 3 bp (SEM). Under and over wrapped populations are fitted by
Gaussian function.
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We performed the same set of analysis to our H4 truncated nucleosomes assembled on
the MS substrate. The data is shown in Figure 4.5. Unlike that seen for 601 nucleosomes, the
flank length measurements plotted as histograms in Figure 4.5A,B demonstrate that there is no
strongly preferred flank length. This is suggestive of a lack of homogenous positioning, which is
unsurprising for nucleosomes assembled on a substrate lacking a positioning sequence. To verify,
the nucleosome position was mapped. The map is shown in Figure 4.5C. Nucleosome position is
indicated by the blue circles relative to the SA-bound DNA end. Indeed, no preferential
positioning is observed, save for a small population positioned at the free DNA end.
The DNA wrapping efficiency data, shown in Figure 4.5D, did reveal a different
nucleosome structure compared to that seen on 601 and the results of Chapter 2. The data reveal a
mean value of wrapped DNA at 133 ± 4 bp (SEM), indicative of a consistently under wrapped
nucleosome state of approximately 14 bp.
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Figure 4.5: Analysis of MS mononucleosomes. Histograms (A,B) with a bin size of 10 bp of the
labelled and free arms do not show strong preferential lengths. A population positioned at the end
of the free arm is noted. (C) Positional mapping of modified nucleosomes on the positioning
substrate demonstrates a lack of positioning preference on a substrate lacking a positioning motif.
(D) Histogram of nucleosome wrapping efficiency with bin size of 10 bp. The histogram reveals a
mean wrapping efficiency of 133 ± 4 bp (SEM), indicating an under wrapped state.
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4.3.2

Dinucleosome Structure with Two Positioning Sequences
To further explore the role of the H4 tail in the structure and accessibility of chromatin,

we studied its role in the assembly of dinucleosomes. First, we assembled dinucleosomes on a
template containing two copies of the Widom 601 sequence separated by 60 bp of linker DNA. A
schematic of the DNA substrate is shown in Figure 4.1C. We had not previously studied
unmodified nucleosomes on this substrate, so as a control, we assembled unmodified
nucleosomes alongside truncated H4 nucleosomes. RZ was used in place of SA in dinucleosome
studies for ease of label identification in the more complicated setup. Representative AFM images
of the unmodified and truncated H4 dinucleosome assembly are shown in Figure 4.6A,B,
respectively. Selected zoomed images of the assemblies are shown below each representative
image, revealing different internucleosomal distances. As above, gold arrows indicate the NCP
and white arrows indicate the protein label.
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Figure 4.6: AFM images of unmodified and truncated H4 dinucleosomes. Representative
images of dinucleosome samples assembled on the double positioning sequence with snapshots
below. White arrows indicate RZ and gold arrows indicate the nucleosome core. Scale bars
indicate 100 nm. (i), (ii), and (iii) show nucleosomes with different internucleosomal distances.
(A) Canonical dinucleosomes. (B) H4 truncated dinucleosomes.
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As described above and in Chapter 2, we characterized the dinucleosomes by determining
flank lengths, mean wrapping efficiency, internucleosomal distance, and nucleosome position.
First measured were flank lengths and internucleosomal distances for unmodified nucleosomes.
Figure 4.7A,B depicts histograms of the measured flank lengths for the labeled and free flanks of
the assembly, respectively. The histograms for the free and labelled arms have peaks centered at
111 ± 1 and 114 ± 1 bp (SEM), respectively, which corresponds to the placement of the two
copies of the 601 sequence. The measured linker lengths, seen in Figure 4.6C, are shown as a
histogram with a peak centered at 60 ± 2 bp (SEM), which agrees with the expected linker length
of 60 bp. The results of these analyses verify that unmodified dinucleosomes assemble
homogenously along the DNA substrate containing two positioning motifs.
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Figure 4.7: Analysis of canonical dinucleosomes. Histograms (A) and (B) reveal mean values
of the labelled and free arm lengths as 114 ± 1 bp (SEM) and 111 ± 1 bp (SEM), respectively,
which correlate to the position of the 601 motifs. (C) Histogram of the linker length between two
nucleosomes. The data reveals a mean linker length of 60 ± 2 bp (SEM), which agrees with the
distance between positioning motifs (60 bp).
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Mean wrapping efficiency and nucleosome positioning were also evaluated for
unmodified nucleosomes for comparison with nucleosomes assembled with tail truncated H4. The
histogram and map representative of this data can be seen in Figure 4.8. Again, the analyses align
with expectations for unmodified nucleosomes assembled on the strong positioning sequence.
Mean wrapping efficiency data, shown in Figure 4.8A, reveal a narrow peak with a mean
wrapping efficiency of 146 ± 1 bp (SEM), which coincides closely with the expected value of 147
bp for canonical nucleosome wrapping.
Dinucleosome mapping, shown in Figure 4.8B, was arranged in order of the position of
the first nucleosome, indicated by the red circle, measured from the free DNA end. The second
nucleosome is represented by the blue circle. Nucleosomes, with few exceptions, are not
positioned randomly along the DNA substrate; rather, they are strongly positioned in the region
of the 601 motifs.

53

Figure 4.8: Wrapping and mapping of dinucleosomes. Mean wrapping efficiency and
positional mapping of canonical dinucleosomes assembled on the substrate with two positioning
motifs. Histogram (A) mean value of 146 ± 1 bp (SEM), which closely corresponds to the
canonical value of 147 bp. (B) Positional mapping of canonical dinucleosomes demonstrates
preferential positioning for both nucleosomes.
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After analysis of unmodified nucleosomes, the same analyses were performed on the
dinucleosomes with tail truncated H4 assembled on the same substrate. The totality of analyses is
compiled into Figure 4.9 Histograms of measured flank lengths (arm lengths) and
internucleosomal distances (linker lengths) are shown in Figure 4.9A-C. The mean values of
these measurements closely resemble that observed in unmodified dinucleosomes. However, the
range of linker length shown in 4.9C indicates a distinctly broader fitting compared with
unmodified dinucleosomes on the same substrate (31 bp S.D. and 23 bp S.D., respectively). A
statistical comparison between overall linker length distribution for canonical nucleosomes and
modified nucleosomes with H4 tail truncated assembled on the substrate containing two 601
motifs was performed. Comparison reveals that the distributions are significantly different, at a
P < 0.01.
Analysis of mean wrapping efficiency, shown in Figure 4.9D, reveal a mean value of 145
± 1 bp (SEM), corresponding to the canonical value of 147 bp. Unlike that seen for truncated
mononucleosomes on the 601 substrate, however, the histogram does not reveal separated under
wrapped and over wrapped subpopulations of dinucleosomes. Mapping of the dinucleosomes,
shown in Figure 4.9E, illustrates less precise placement of the nucleosomes along the substrate.
Position was recorded based on the distance of the first nucleosome from the free DNA end, as
done before. Here, we can see significant variance in the position of second nucleosome. This is
in line with the broader distribution of internucleosomal distance that is shown in Figure 4.9C.
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Figure 4.9: Analysis of truncated H4 dinucleosomes. Analysis of modified dinucleosomes with
the H4 histone tail truncated assembled on the dinucleosome substrate with two positioning
motifs. Histograms (A,B) reveal mean labelled and free arm lengths of 115 ± 2 bp (SEM) and
113 ± 2 bp (SEM), respectively, which correlate to the position of the 601 motifs. (C) Histogram
of the linker length between two nucleosomes. The mean linker length value is 65 ± 2 bp (SEM),
which is slightly higher and broader than observed for canonical nucleosomes on the same
substrate. Histogram (D) reveals a mean value of 145 ± 1 bp (SEM). (E) Positional mapping of
modified dinucleosomes demonstrates a weaker preferential positioning for both nucleosomes
when compared with canonical dinucleosomes assembled on the same substrate.
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4.3.3

Dinucleosome Structure with One Positioning Sequence
Some variation between unmodified and truncated dinucleosome was found when

assembled on a substrate containing two positioning motifs. Next, we wanted to understand how
the truncation of the H4 tail would affect the internucleosomal interactions of nucleosomes
assembled on the substrate containing both a single 601 motif and an extended region of nonspecific MS DNA. To address this question, we assembled the H4 truncated dinucleosomes on
the template shown in Figure 4.1D. This template was designed to homogenously position one
nucleosome while allowing the other to freely interact with the DNA and the first nucleosome.
Nucleosomes were again labeled with RZ, imaged, and analyzed. A representative image of the
assembled dinucleosomes with zoomed in snapshots of selected complexes is shown in Figure 10.
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Figure 4.10: AFM images of truncated H4 dinucleosomes on hybrid substrate.
Representative images of H4 truncated dinucleosome samples assembled on the single
positioning sequence dinucleosome substrate with snapshots below. White arrows indicate
rhizavidin and gold arrows indicate the nucleosome core. Scale bars indicate 100 nm.
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A full representation of the analyses of these complexes can be found in Figure 4.11.
Arm and linker length measurements, shown in Figure 4.11A-C, reveal a marked difference in
this assembly compared with all other nucleosome assemblies in this study. The biotinylated
DNA flank length, shown in Figure 4.11A, demonstrates a broad distribution with a mean value
of 112 ± 4 bp (SEM). The non-biotinylated flank length, shown in Figure 4.11B, shows a mean
value of 115 ± 3 bp (SEM) and corresponds to the position of the 601 sequence. On this substrate,
nucleosomes are not observed to position at the DNA ends. This is a departure from the endpositioning observed for mononucleosomes on the MS substrate.
Analysis of the linker lengths between nucleosomes is shown in Figure 4.11C. The peak
Gaussian of the histogram is depicted as the blue line and the cumulative percentage of linker
lengths at or below a given value is shown by the red stepwise line. While the mean value of
linker lengths between nucleosomes is found to be 64 ± 4 bp (SEM), the peak of the Gaussian
corresponds to the internucleosomal distance as small as 33 ± 30 bp (SD). Cumulative
percentages reveal that more than 50% of all nucleosomes are within 50 bp of one another. This
value is considerably greater than the percentages observed for truncated dinucleosomes
assembled with two positioning sequences (35%, which corresponds to a 46% increase) and for
canonical dinucleosomes assembled with two positioning sequences (30%, which corresponds to
a 59% increase).
The data for mean wrapping efficiency, shown in Figure 4.11D, revealed a peak centered
at 144 ± 2 bp (SEM). This indicates that the nucleosomes are generally fully wrapped; in other
words, the dinucleosomes reveal an elimination of the unwrapping effect that was observed in
mononucleosomes. The nucleosome positional mapping is shown in Figure 4.11E. The red circle
indicates the nucleosome nearest the non-biotinylated DNA end and is typically found positioned
on the 601 sequence. The blue circle indicates the nucleosome nearest the biotinylated DNA end
and is typically positioned in the MS region. Qualitatively, this map shows preference for
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neighboring nucleosomes to position proximal to one another, as the nucleosomes in the MS
region (blue dots) are often seen to be positioned close to the nucleosomes in the 601 region (red
dots). This proximity is represented quantitatively in the linker length measurements shown in
Figure 4.11C. Taken together, these data show that the DNA sequence has a strong effect on the
internucleosomal interactions, allowing for nucleosomes to position near one another.
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Figure 4.11: Analysis of truncated H4 dinucleosomes on hybrid substrate. Analysis of
modified dinucleosomes with the H4 histone tail truncated assembled on the dinucleosome
substrate with one positioning motif. Histograms (A,B) depict the labelled and free arm lengths,
respectively. The labelled arm shows a broad distribution with mean value of 112 ± 4 bp (SEM),
while the free arm has a mean value of 115 ± 3 bp (SEM). Note that the 601 motif is positioned at
the end of the free arm. (C) Histogram of the linker length between two nucleosomes. Mean
linker length value is measured as 64 ± 4 bp (SEM), while a Gaussian fit shows a peak centered at
37 ± 30 bp (SD). Histogram (D) reveals a mean wrapping efficiency of 144 ± 2 bp (SEM),
indicative of fully wrapped nucleosomes. (E) Positional mapping of modified dinucleosomes
demonstrates a preference for nucleosomes to be proximal to one another.
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To assess whether the increase in proximally positioned nucleosomes is caused by the
truncation of the H4 tail, we compared this data with that from the published data shown in
Chapter 2 (107). A modified histogram of the linker lengths for unmodified dinucleosomes
assembled on the hybrid DNA substrate is shown in Figure 4.12. The mean value of linker
lengths for unmodified dinucleosomes on the same substrate was found to be 73 ± 4 bp (SEM), an
increase from that seen in the tail-truncated population; however, a statistical comparison
between the overall linker length distribution of both nucleosome types reveals no significant
difference (P > 0.05), indicating that the populations display similar behavior.
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Figure 4.12: Histograms of linker lengths for unmodified dinucleosomes on hybrid
sequence. . Mean linker length value is measured as 73 ± 4 bp (SEM).
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4.4

Discussion
In this Chapter, we explored the role of the histone H4 tail in the nucleosome structure

and internucleosomal interaction by probing with AFM. We found that truncation of the H4 tail
changes the wrapping efficiency of nucleosomes. This effect is mitigated by the use of a highaffinity positioning sequence or the presence of a second nucleosome. Importantly, H4 truncation
does not diminish the frequency of internucleosomal interaction. Below we discuss these features
of the nucleosomes in more detail.
4.4.1

Histone-DNA Interaction
Nucleosomes assembled with tail-truncated H4 histones displayed a marked difference in

wrapping efficiency distribution when compared with the accepted canonical value of 147 bp.
According to Figure 4.4, a minor population of nucleosomes assembled on the Widom 601
sequence exhibit a wrapping efficiency considerably lower than that seen in canonical
nucleosomes, with a Gaussian fitted peak of 108 ± 9 bp (S.D.). This low peak value is indicative
of nearly a half-turn unwrapping of the nucleosome complex. However, the nucleosomes still
position faithfully to the 601 region of the DNA substrate. In the case of mononucleosomes
assembled on the MS DNA substrate, the major population exhibited a decreased wrapping
efficiency of 133 ± 4 bp (SEM, Figure 4.5), while positioning along the substrate was effectively
random. These data suggest that the H4 histone tail plays a critical role in the nucleosome-DNA
interaction that defines its degree of wrapping and stability, as the nucleosome structure is altered
when the H4 tail is truncated. This unwrapping results in a more open nucleosome conformation,
which can be associated with more transcriptionally active regions in chromatin. Moreover, this
phenomenon has been has been observed; histone H4 cleavage and subsequent opening of
chromatin by protease granzyme A, for example, has been shown to induce apoptosis (145).
Therefore, the H4 tail is implicated in regulation of nucleosome structure, and on a larger scale,
regulation of gene expression and cellular function. Additionally, the DNA sequence itself is
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shown to be important in regulating the structure of the nucleosome- the highly specific Widom
601 sequence is capable of largely maintaining a fully wrapped conformation of the nucleosome
in the absence of the H4 tail, whereas the MS DNA is unable to do so, resulting in altered
nucleosome structure. Altogether, these results suggest that nucleosome wrapping efficiency and
stability are dependent both on DNA sequence and histone tail-DNA interaction.
4.4.2

Internucleosomal Interactions
The results for dinucleosomes reveal more interesting features of the tail-truncated

nucleosomes. When looking at the mean wrapping efficiency data for the H4 tail-truncated
nucleosomes assembled on the substrate containing two positioning sequences, we see that the
nucleosomes adopt a fully wrapped conformation, compared with the under wrapped populations
observed in mononucleosome samples. This points to a possible enhanced internucleosomal
interaction stabilizing the nucleosomes structures in the H4 tail-truncated dinucleosomes.
Moreover, while the mean internucleosomal distance is comparable with that of canonical
nucleosomes assembled on the same substrate, the distribution is markedly broader than that
observed with canonical dinucleosomes, resulting in a significant difference between populations
(P < 0.01). Internucleosomal interactions that emerge appear to strengthen the stability of each
nucleosome complex. On the other hand, the increased range of internucleosomal distance
indicates a weakened histone-DNA interaction for the tail- truncated H4, allowing the
nucleosome to position more freely along the DNA sequence. These results suggest a complex
interplay between internucleosomal interaction and histone-DNA interaction.
H4 tail-truncated dinucleosomes assembled on the hybrid substrate containing a single
601 positioning sequence provide further insight into the effect of the H4 tail. We show the
internucleosomal distance of these complexes in Figure 4.11C, which reveals that the distance
between nucleosomes is effectively halved in the major population by replacing the second
positioning sequence with MS DNA. This indicates that when one nucleosome is tightly
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positioned and a second nucleosome is able to freely interact along the substrate, nucleosomes
interact more closely with one another- even in the absence of the H4 tail, as compared directly in
Figure 4.12. Therefore, we suggest that the H4 tail plays an important role in stabilizing the
interactions between histones and DNA, rather than the interactions between nucleosomes.
Moreover, existing interactions between nucleosomes are enough to overcome the loss of stability
induced in the truncation of the H4 tail. With the elimination of the H4 tail, it is easier to observe
the effects that the H3, H2A, and H2B histone tails may be contributing to the stability of
nucleosomes 17. Previously, the H4 tail has been shown to bind to the acidic patch of the
H2A/H2B dimer of a neighboring nucleosome, a significant internucleosomal interaction 28. The
H2B N-terminal tail is able to make contacts with the DNA, and with the elimination of the H4
tail as shown in this study, these interactions likely become more important in the stabilizing of
adjacent nucleosomes 29. We hypothesize that the increase in stability shown here in our
dinucleosome assembly compared with our mononucleosome assembly is due to the remaining
tails interacting with the neighboring nucleosome.
4.4.3

Conclusion
In conclusion, we have identified the effect of histone H4 on nucleosome stability and

internucleosomal interactions in this Chapter. We utilized AFM to probe mononucleosomes and
dinucleosomes assembled with tail truncated H4 on different substrates to study the influence of
the histone tail by a means of exclusion. We revealed that histone-DNA interaction, not histonehistone interaction, is the process most hindered by the elimination of the H4 tail, as indicated by
the reduction in wrapping efficiency. Moreover, we revealed that the nucleosome structure can be
rescued by the interaction with another nucleosome, as indicated by the dinucleosome data.
Finally, we observed that internucleosomal interactions are not hindered by the elimination of the
H4 tail. Thus, these results support the idea that internucleosomal interactions, not histone-DNA
interactions, are the most important factor in chromatin compaction.
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CHAPTER 5. MORPHOLOGY OF NUCLEOSOME ARRAYS
Work from publication: DNA sequence is critically involved in the compact assembly of
chromatin arrays, Research Square, 2022.
5.1

Introduction
In the preceding Chapters, we have identified the importance of DNA sequence,

internucleosomal interactions, and histone H4 in the structure of nucleosomes. Nucleosome
arrays assemble into more complex higher order structures, which are critical to the chromatin
function. How these more complex structures form and what morphologies they adopt is still
unclear. In this Chapter, we investigate the contribution of two aforementioned factors, DNA
sequence and internucleosomal interactions, to the organization of nucleosome arrays into more
compact structures.
The spatial organization of nucleosomes in chromatin continues to be a source of debate.
Initially, it was proposed that nucleosomes condense into a 30-nm-diameter chromatin fiber
supported by experiments with the use of electron microscopy (EM) or X-ray scattering analyses
of chromatin extracted from various organisms (31, 33, 146, 147). Most recently, however, a
study utilizing a combination of EM topography with a developed labeling method (ChromEMT)
does not support the assembly of ordered 30-nm fibrils (148). Instead, they showed the assembly
of 10-nm fibers in the cell that are not uniform; rather, they are heterogeneous and vary in
diameter between 5 and 24 nm. Potential reasons for this discrepancy are discussed in the recent
review article (149), in which the major role is given to electrostatics, as ionic strength for
experiments in vitro and in vivo are very different. The authors also suggest that the absence of
the 30-nm fiber formation can be due to nucleosome loss or irregular nucleosome spacing in
native chromatin.
The findings in (148) are in line with publications (61, 150, 151) in which it has then
been proposed that nucleosome fibers exist in a highly disordered, interdigitated state. What is the
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reason for such irregular spacing of nucleosomes? We showed in Chapter 2 that the
internucleosomal distance within dimers of nucleosomes varies depending on DNA sequences.
No such effect is detected if repeats of such a highly sequence-specific DNA motif as the Widom
601 sequence are used in similar experiments (152). Note that many structural studies of
chromatin, including papers cited above, utilized repeats of the 601 motif (153).
Based on these studies we hypothesize that affinity to histone cores to DNA sequence can
be a critical factor for the nucleosome array assembly stabilized by the internucleosomal
interactions. To test this hypothesis, here we designed a DNA substrate containing a single
instance of the specifically positioning 601 motif and an extended non-specifically positioning
sequence from plasmid DNA or fully-non-specific DNA substrate. We found that nucleosomes
on such DNA templates form compact assemblies with close contacts between the nucleosomes.
Monte Carlo simulation of random nucleosome placement along these substrates revealed that the
compact assemblies observed experimentally occur at a much higher rate than expected with
simple non-specific positioning. We also proposed a theoretical model according to which the
affinity of the nucleosome core to the DNA sequence and the internucleosomal interactions are
the two major factors defining the compact assembly of the nucleosome arrays.
5.2

Methods

5.2.1

DNA Substrate Preparation
The 601 DNA substrate used in nucleosome assembly contains the 147 bp Widom 601

sequence flanked by plasmid DNA, 113 bp and 738 bp in length (shown in Figure 5.1A). It is
generated from PCR using a plasmid vector pUC57 with the forward primer (5’GATGTGCTGCAAGGCGATTAAG-3’) and the reverse primer (5’GGGTTTCGCCACCTCTGAC-3’). The 998 bp non-specific DNA substrate used is the same
length as the 601 substrate, except that the 147 bp Widom 601 sequence is replaced by 147 bp of
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non-specific DNA (shown in Figure 5.1B). The DNA substrates were concentrated from the PCR
product and purified using gel electrophoresis. DNA concentration was then determined using
NanoDrop Spectrophotometer (ND-1000, Thermo Fischer) before being used for nucleosome
assembly.
5.2.2

Nucleosome Reconstitution
Nucleosomes were assembled using a gradient dilution method optimized from our

previous research (103, 107, 108, 154) and described in Chapter 2. Briefly, recombinant human
histone octamers were purchased from The Histone Source (Fort Collins, CO) for assembly.
Before assembly, histones were dialyzed against the initial dialysis buffer (10 mM Tris pH 7.5, 2
M NaCl, 1 mM EDTA, 2 mM DTT) at 4°C for 1 hour. DNA (25 pmol) was then mixed with the
histone octamer at a molar ratio of 1:5. The total volume of the mixture was adjusted to 10 µL
with 5 M NaCl and DDI H2O so that the starting concentration of NaCl in the reaction is 2 M.
The mixture was diluted with dilution buffer (10 mM Tris pH 7.5) using a syringe pump (0.07
µL/min for 1000 min) to gradually decrease the salt concentration to 0.25 M NaCl, allowing the
histone to bind the DNA and form the nucleosome core particle. The nucleosomes were then
dialyzed for 1 hour against a fresh low salt buffer (10 mM Tris pH 7.5, 2.5 mM NaCl, 1 mM
EDTA, 2 mM DTT) before being diluted to 300 nM and stored at 4°C. The final concentration of
the nucleosome was adjusted to 2 nM right before deposition using imaging buffer (10 mM
HEPES pH 7.5, 4 mM MgCl2).
5.2.3

AFM Imaging and Data Analysis
Sample preparation for AFM imaging was performed as described in preceding Chapters.

The nucleosome sample was deposited onto the APS-functionalized mica and incubated for 2
minutes at room temperature. After that, the sample was rinsed with DDI H2O and dried with a
gentle argon flow. The samples were stored in vacuum before being imaged.

69

Images were acquired using tapping mode under ambient conditions on a MultiMode 8,
Nanoscope V system (Bruker, Santa Barbara, CA) using TESPA probes (320 kHz nominal
frequency and a 42 N/m spring constant) from the same vendor. The dry sample AFM images
were analyzed using the FemtoScan Online software package (Advanced Technologies Center,
Moscow, Russia).
The distinction between compact and well separated nucleosome subpopulations was
performed visually by separately grouping nucleosomes that were observed to be in direct contact
from those with clearly distinguishable DNA between nucleosome core complexes.
Internucleosomal distance cutoff used in simulations and theoretical calculations was determined
by measuring the center-to-center distance of dinucleosomes, subtracting 10 nm to account for the
contribution of each histone core, and dividing by the calculated conversion factor to convert
from nm to bp. The histograms were generated using OriginPro software (OriginLab Corporation,
Northampton, MA, USA).
5.2.4

Monte Carlo Simulations and Data Analysis
Monte Carlo simulations for random placement of 147 bp segments on a 998 bp DNA

substrate were performed using bedtools (v2.30.0) (155). Each simulation randomly placed four
segments on the DNA substrate, prohibiting overlap of the segments; simulations were repeated
1,000 times for each substrate. Simulations were performed for substrates with no sites occupied,
one site occupied (113-259 bp) corresponding to the substrate with positioning sequence, and a
shifted occupied site (148-294 bp) corresponding to a substrate with positioning sequence
allowing nucleosome assembly on both side of the specific sequence. Data was compiled in Excel
and grouped into subpopulations based on their proximity to the next nucleosome along the array
using the cutoff above. Nucleosome pairs within 30 bp of one another were considered compact,
while those greater than 30 bp from one another were considered well separated.
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5.3

Results
The 601 DNA substrate consists of a positioning sequence, the 147 bp Widom 601

sequence, flanked by non-specific DNA sequences that can be wrapped by three or more histone
octamers, as shown in Figure 5.1A. The Widom sequence provides a higher affinity for the
histone octamers (50), while the non-specific sequence provides an insight into a more
biologically relevant aspect for the assembly of nucleosome array. The non-specific DNA
substrate is identical in length to the 601 substrate, except that the 147 bp Widom 601 sequence is
replaced by 147 bp of non-specific DNA, as shown in Figure 5.1B. The nucleosomes were
assembled with the DNA substrate and histone octamer at a ratio of 1:5 DNA:octamer. A
representative AFM image of the nucleosome assembly is shown in Figure 5.1C, where the bright
features are the nucleosome cores, and the string-like strands are the unwrapped DNA in the
complexes.
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Figure 5.1: Nucleosome substrates and assembly. (A) Schematic of 601 DNA substrate. (B)
Schematic of non-specific DNA substrate. (C) Representative AFM image of nucleosomes
assembled on the 601 DNA substrate. (D) Selected images of different oligonucleosomes
assembled on the 601 DNA substrate.
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5.3.1

Nucleosome Array Morphology
From the acquired AFM images, we analyzed the morphology of the nucleosome arrays.

Nucleosomes appear as bright globular features localized on DNA strands. The nucleosomes on
the same DNA template can be separated, but immediately apparent was the compact morphology
of nucleosome clusters. Examples of such compact arrangements of the nucleosomes are shown
in Figure 1C, as indicated by the white arrows. These arrangements are irregular, resulting in
nucleosome clusters of varying size and position. This result indicates that nucleosome arrays
assembled on non-specific DNA adopt heterogeneous structure, as opposed to the ordered
nucleosome arrays formed on substrates with repeated positioning DNA sequences imaged with
AFM (156–158).
Along with large nucleosome clusters, mono-, di-, tri-, and tetranucleosomes were
observed. Representative snapshots of each type of nucleosome are shown in Figure 5.1D, with
mononucleosome in frame (i), dinucleosome in frame (ii), trinucleosome in frame (iii), and
tetranucleosome in frame (iv) . We separated each type of nucleosome into groups based on the
number of nucleosomes in the array and performed analysis. The yield of each oligonucleosome
is shown in Table 1 (n=493). We found that mononucleosomes are the least commonly observed,
while trinucleosomes and tetranucleosomes are the most common. Interestingly, the yield of
trinucleosomes (30.9%) is close to that of tetranucleosomes (29.4%), indicating a preference for
assembling higher order structures in our experimental setup.
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Table 5.1: 601 nucleosome subpopulations. Subpopulations of oligonucleosomes assembled on
the 601 substrate.
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We further segregated the groups of oligonucleosomes into subpopulations based on the
proximity between nucleosomes on each array. Representative images of each subpopulation are
shown in Figure 5.2. For dinucleosomes (Figure 5.2A), this resulted in two subpopulations; well
separated (1-1) and compact (2) nucleosomes. For trinucleosomes (Figure 5.2B), three
subpopulations exist; well separated (1-1-1), compact (3), and hybrid (2-1) nucleosomes.
Tetranucleosomes (Figure 5.2C) contain five subpopulations; well separated (1-1-1-1), compact
(4), and three hybrid structures, depending on the degree of compaction (2-1-1, 2-2, 3-1). The
yields of the subpopulations are shown in Table 1. The well-separated dinucleosome accounts for
83.6% of all the dinucleosome population, while in the trinucleosome group, the well-separated
subpopulation is observed in only 29.8% of cases. It decreases further in tetranucleosome group,
in which the well-separated tetranucleosomes represent only 10.7% of the population. The
decreasing population of the well-separated subgroup in the higher-ordered structures further
emphasizes that the compact morphologies are more favorable than the well-separated structures
with distant spacing on this DNA substrate. Additionally, the “3-1” subpopulation counts for
37.9% of all tetranucleosomes observed. This suggests that the trinucleosome may be the basic
unit in the assembly of the nucleosomal array, rather than the tetranucleosome.
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Figure 5.2: Subpopulations of oligonucleosomes. (A) Dinucleosome subpopulations. (B)
Trinucleosome subpopulations. (C) Tetranucleosome subpopulations. Scale bars indicate 50 nm.
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5.3.2

Internucleosomal Interaction within Oligonucleosomes
In addition to the compact morphology, internucleosomal distances were also

characterized. Figure 5.3 shows the data for both the well separated and compact dinucleosomes.
The internucleosomal distances were measured from the center of one nucleosome to the center
of the nearest neighboring nucleosome, as shown in Figure 5.3A,B. A representative image of
measured distance for well separated nucleosomes (type 1-1) are shown in 5.3A, while an image
of measured distance for compact nucleosomes (type 2) are shown in 5.3B. 10 nm was subtracted
from each measured center-to-center distance to account for the size contributed by the histone
core in each nucleosome. The results of these measurements were plotted and are shown in Figure
5.3C. We see that the separation between the well separated nucleosome and the compacted
nucleosomes starts from 50 bp. This distance varies, with distances between nucleosomes as far
as 650 bp apart, with no clear preference for positioning. In contrast, the distance of the compact
nucleosomes is in the range of 0-40 bp, with a peak population centered at 28 ± 2 bp (SEM), as
seen in Figure 5.3D. This indicates that nucleosomes within 30 bp of one another are most
favorable for the internucleosomal interactions to compact the nucleosomes into proximity.
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Figure 5.3: Dinucleosome analysis. (A) Representative image of well separated dinucleosome
(type “1-1”). (B) Representative image of compact dinucleosome (type “2”). Scale bars indicate
40 nm. (C) Histogram of internucleosomal distances, n=167. (D) Distribution of internucleosomal
distances in compact dinucleosomes indicate a peak value of 28 ± 2 bp (SEM).
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The same measurements were performed on the “2-1” subpopulation of trinucleosomes,
and the results can be seen in Figure 5.4. The distance between the two compacted nucleosomes
is termed distance 1, while the distance between the well separated nucleosomes is termed
distance 2 in Figure 5.4A. The combined data for internucleosomal distance, shown in Figure
5.4B, indicates the same trend seen in the dinucleosome subpopulation. Compact nucleosomes
are found in a very narrow region below 40 bp from one another, while well separated
nucleosomes are found anywhere from 90 to more than 500 bp from one another. This result is in
agreement with the results for dinucleosomes and further suggests that close proximity of
nucleosomes is most favorable for the internucleosomal interactions to compact the nucleosomes
into uniform structures.
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Figure 5.4: Trinucleosome analysis. (A) Representative image of type “2-1” trinucleosome.
Analysis of the internucleosomal distance in the 2-1 trinucleosome population, n=109. Scale bar
indicates 50 nm.
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5.3.3

Nucleosomal Positioning
In order to determine the influence of the positioning 601 motif on the positioning and

compaction of nucleosomes, we plotted the lengths of the free DNA flanks observed in our
nucleosome arrays. The 601 motif was positioned 113 bp from one end of the DNA substrate;
therefore, flank lengths of 113 bp would correspond to nucleosome positioning on the motif. The
data for well separated dinucleosome flank length is shown in Figure 5.5. Interestingly, while a
large portion of nucleosomes positioned at approximately 113 bp, nucleosome position varies,
with nucleosomes positioning at or near the end of the DNA. This indicates that the preferential
positioning of nucleosomes to the 601 motif is influenced by end binding and the total length of
the DNA substrate.
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Figure 5.5: Well separated dinucleosome flank lengths. Analysis of flank DNA length in well
separated dinucleosomes, n=106. Scale bar indicates 20 nm.
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Compact structures of dinucleosomes and trinucleosomes both exhibited a similar
positioning. The results are shown in Figure 5.6. The flank length of compact structures fall
within the range of the 601 motif, but can vary as far as 250 bp away in the case of
dinucleosomes. Compact trinucleosomes exhibit a lower range of positioning according to DNA
flank length, but contain more structures positioned near the end of the DNA substrate. Overall,
the presence of a single positioning nucleosome sequence does not appear to dictate the assembly
pattern of other nucleosomes along the substrate, suggesting that array assembly is most
dependent on interactions between nucleosomes.
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Figure 5.6: Compact dinucleosomes and trinucleosomes. Analysis of flank DNA length in (A)
compact dinucleosomes, n=60, and (B) trinucleosomes, n=70. Scale bars indicate 40 nm.
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5.3.4

Nucleosome Arrays with No Positioning Sequence
To further investigate the role of a positioning sequence in the assembly of higher order

nucleosome structures, we prepared the DNA substrate comprising exclusively of non-specific
DNA sequence of the same length as our substrate containing the 601 motif. The 147 bp 601
motif was replaced by 147 bp of non-specific DNA while maintaining the same sequence for the
rest of the substrate. A schematic of the substrate is shown in Figure 5.1B, while a representative
image of the assembled nucleosomes acquired through static AFM imaging is shown in Figure
5.7A. We found that, like nucleosomes assembled on the substrate containing the positioning
sequence, the assembly was rather heterogeneous, including compact structures of varying sizes.
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Figure 5.7: Nucleosomes assembled on non-specific DNA. (A) Representative AFM image. (BD) Subpopulations of oligonucleosomes. Scale bars indicate 50 nm.
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We again separated the oligonucleosomes into subpopulations; representative images of
the oligonucleosome subgroups can be seen in Figure 5.7B-D. A table of the oligonucleosome
yields is shown in Table 5.2 (n=498). It is notable that well separated subpopulation yields
decrease in higher order structures, and the “3-1” population is the most common morphologyboth observations match those of the substrate containing a single positioning sequence.
However, on this substrate tri- and tetranucleosomes are more common compared with those
assembled on the substrate containing a single positioning sequence (73.1% vs 60.3% of total
complexes). Moreover, the overall population of well separated nucleosomes is diminished in the
absence of a positioning sequence in observed dinucleosomes (65.5% vs 86.3%) and in
tetranucleosomes (6.8% vs 10.7%). This result indicates that the absence of a positioning
sequence may allow nucleosomes to move more freely along the substrate, resulting in more
internucleosomal interactions and therefore more compact structures.

87

Table 5.2: Non-specific nucleosome subpopulations. Subpopulations of oligonucleosomes
assembled on the non-specific substrate.
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5.3.5

Simulations of Nucleosome Positioning
We simulated the random placement of nucleosomes along the substrates to assess the

impact of sequence and internucleosomal interactions in nucleosome proximity compared with
random placement. For the non-specific sequence, tetranucleosomes were simulated by randomly
placing four particles occupying 147 bp along the substrate with no allowance for overlap. For the
601 sequence, we simulated the substrate with the region containing the 601 motif (from 113-259
bp) as occupied to mimic a homogenously bound nucleosome in that region; three particles were
then randomly placed along the remainder of the substrate, reflecting a randomly assembled
tetranucleosome array with one nucleosome bound to the 601 region. We also simulated a shifted
version of the 601 substrate - the region from 148-294 bp was pre-occupied, while three particles
were randomly placed along the rest of the substrate. This setup allowed for a nucleosome to bind
upstream of the excluded region. The results were analyzed and grouped into subpopulations
based on their proximity to the next nucleosome along the array.
Nucleosome pairs within 30 bp of one another were considered compact, while those
greater than 30 bp from one another were considered well separated, as determined from the data
shown in Figure 5.3. The yield of subpopulations is shown in Table 5.3 (n=1000). Non-specific
denotes the non-specific DNA substrate simulation, 601 denotes the 601 substrate simulation, and
601 shifted denotes the shifted 601 substrate simulation. There are stark differences between the
experimental and simulation data. Simulated data reveals the “2-1-1” subpopulation to be the
most common morphology along all three setups, representing approximately half the dataset in
all three cases. The “4” subpopulation of simulated tetranucleosomes is particularly low,
representing less than 1% of the dataset in all three cases, dropping as low as 0.3% for 601
tetranucleosomes. Yet, experimental data shows that the “2-1-1” subpopulation represents as
much as 28.6% of the dataset for non-specific tetranucleosomes. The “4” subpopulation
represents slightly less; 21.8% for non-specific tetranucleosomes. Likewise, for 601
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tetranucleosomes, experimental data reveals a mere 17.5% of tetranucleosomes in the “2-1-1”
conformation, and 19.4% are observed in the “4” conformation.
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Table 5.3: Simulated tetranucleosome subpopulations. Subpopulations of simulated
tetranucleosomes assembled on the non-specific substrate, the 601 substrate, and the 601 shifted
substrate.
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A full comparison of all three simulations compared with the experimental datasets can
be seen in Tables 5.4 and 5.5. Overall, the simulation data show a significant preference for well
separated nucleosomes compared to the experimental data. In fact, the assembly of the “4”
conformation is more than 24 times more likely in experiments (with either substrate) compared
with their simulated counterparts, with the “4” conformation in 601 tetranucleosomes being
nearly 65 times more likely (Tables 5.4 and 5.5). This indicates that nucleosome positioning
along the DNA substrate is not random - it is very likely influenced by internucleosomal
interactions.
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Table 5.4: 601 tetranucleosome comparison. Comparison of tetranucleosomes assembled on
the 601 substrate with simulations on the 601 and shifted 601 substrates.
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Table 5.5: Non-specific tetranucleosome comparison. Comparison of tetranucleosomes
assembled on the non-specific substrate with simulations on the non-specific substrate.
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5.3.6

Theoretical Model for Nucleosome Interaction and Positioning
To understand the dynamics of interactions between nucleosomes and DNA as well as

internucleosomal interactions, we developed a simple chemical model that allows us to extract the
most relevant properties of these complex processes with the help of collaborator Dr.
Kolomeisky. Based on the experimental constructs, we consider two DNA molecules of length
L=998 bp, with and without a single 601 segment. Nucleosomes can bind to the DNA with an
effective energy Ens (in units of kBT), if the association happens to the non-specific region, or with
an effective energy E601, if the association happens to the 601 sequence. Each association covers
l=147 bp of the DNA length. In addition, two DNA-bound nucleosomes that are located at the
distances less than d=30 bp are assumed to have internucleosomal interactions Eint. This cutoff
distance is chosen based on the experimental data for dinucleosomes in Figure 5.3 that show the
peak in the distribution of internucleosomal distances as being 28 ± 2 bp (SEM).
Experimental data showed that there are a total of 12 observable chemical states (Figure
5.8) in the system: one state when DNA is totally free, one state with a single bound nucleosome,
two states with two bound nucleosomes (with and without internucleosomal interaction); three
states with three bound nucleosomes; and five states with four bound nucleosomes. Because of
long times of observations during AFM experiments, it is reasonable to assume that the system
reaches an overall chemical equilibrium. This allows us to significantly simplify the analysis to
only few states and transitions between them.
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Figure 5.8: Nucleosome chemical states. Schematic of nucleosomes at equilibrium between the
12 chemical states.
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Following this strategy, we first consider the transitions between the free DNA (state 0)
and mononucleosome (state 1) for non-specific DNA. We define the equilibrium probabilities of
these states as P0 and P1, respectively. The condition of chemical equilibrium then requires that
𝑃𝑃1
𝑃𝑃0

= 𝑒𝑒 −𝐸𝐸𝑛𝑛𝑛𝑛

[1]

Using the data from Table 5.2, one can easily obtain that the effective free energy
difference is Ens=0.3 kBT. Extrapolating based on this, one can obtain the energy of the
mononucleosome state,

𝐸𝐸𝑛𝑛𝑛𝑛 (𝐿𝐿−𝑙𝑙)
𝑙𝑙

= 1.74𝑘𝑘𝑘𝑘. This means that interactions between nucleosomes

and non-specific segments of DNA are relatively weak, allowing nucleosomes to be quite mobile.
The equilibrium between free DNA and mononucleosomes for the system with the 601
sequence is more involved because the nucleosome can associate to this 601 sequence (we call it
a state 1*) or it can associate to any other non-specific sequence (we call it a state 1). The
probabilities, at chemical equilibrium, between these states can be written as
𝑃𝑃1 +𝑃𝑃1∗
𝑃𝑃0

=

𝐿𝐿−𝑙𝑙

𝐿𝐿−𝑙𝑙+1

𝑒𝑒 −𝐸𝐸𝑛𝑛𝑛𝑛 +

1

𝐿𝐿−𝑙𝑙+1

𝑒𝑒 −𝐸𝐸601

[2]

This equation reflects the fact that only one site of available L-l+1 binding sites is a
special one, and

𝐿𝐿−𝑙𝑙

𝐿𝐿−𝑙𝑙+1

of them are non-specific bindings. Using the already obtained value for

Ens=0.3 kBT and the parameters for L and l, we obtain that E601=8.3 kBT. This shows that the
interactions between nucleosomes and the special 601 positioning sequence are very strong,
preventing the mobility of the bound nucleosome in this case. Furthermore, the estimate is in
good agreement with experimental results published by other groups (159).
We then explore the inter-particle interactions for bound nucleosomes. We consider the
equilibrium distributions of two different states for dinucleosomes on non-specific DNA. To
simplify the analysis, let us neglect the end effect of the finite length of the DNA molecule. Then,
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if one nucleosome is already bound, there are L-3l+2 sites where the second nucleosome might
bind. But 2d of them will exhibit an additional internucleosomal interaction energy. This leads to
the fraction of associations that lead to the state 2 (two bound, interacting nucleosomes) to be
𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 =

2𝑑𝑑

𝐿𝐿−3𝑙𝑙+2

=

60

559

≈ 0.11

[3]

Then the fraction of binding events that lead to the state 1-1 (two bound, non-interacting
nucleosomes) is 1-fint=0.89. The equilibrium distribution of states for dinucleosomes then gives
rise to the following
𝑃𝑃2

𝑃𝑃2 +𝑃𝑃1−1

=

𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 𝑒𝑒 −𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖

𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 𝑒𝑒 −𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 +(1−𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 )

[4]

Using data from Table 5.2, we estimate that Eint ~ 1.5 kBT, or 0.9 kcal/mole, which is very
close to internucleosomal interaction energy obtained in another experimental study (160).
The robustness of our analysis can be tested by applying it to evaluate the fraction of
states for the dinucleosomes in the case of the special 601 positioning sequence, that was
measured independently in our experiments. Because of strong interactions with the 601
sequence, it is reasonable to assume that one nucleosome is always bound to this special site. The
second nucleosome can associate to one of L-2l-l0+1=592 sites. l0=113 bp is the distance from
the 601 segment to one end of DNA, which also imposes that the second nucleosome can only
bind to one side of the already bound nucleosome. This gives the following fraction of binding
sites that lead to state 2 (two interacting nucleosomes)
𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 =

𝑑𝑑

𝐿𝐿−2𝑙𝑙−𝑙𝑙0 +1

=

30

592

≈ 0.05

[5]

Substituting this result into Eq. [4] predicts that ~18.8% of dinucleosomes formed on the
substrate with the special 601 positioning sequence, would correspond to the state 2, which is
comparable to experimentally measured value of 21.9% for state 2.
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5.4

Discussion
In this Chapter we used AFM to characterize the role of DNA sequence and

internucleosomal interactions on the assembly of the nucleosome array. We assembled
oligonucleosomes on two DNA substrates; the first comprising 998 bp of DNA with a single
nucleosome positioning motif located near the end of the DNA (601 DNA), and the second of the
same length, but with no regions of high nucleosome specificity (non-specific DNA), which
mimics natural DNA. We compared experimental results to simulation of random assembly, and
then described our results using a theoretical model. Below, we discuss these results.
5.4.1

Nucleosome Clustering
The most striking feature of the AFM images of the arrays assembled on these DNA

templates is the ability of nucleosomes to assemble in clusters with close proximity of
neighboring nucleosomes. Such clusters with two, three and four nucleosomes comprise more
than 90% of tetranucleosome arrays, whereas species with distant locations of nucleosomes
comprise only 10.7% on 601 DNA (Table 5.1) and 6.8% on non-specific DNA (Table 5.2). A
similar effect of the nucleosome clustering is observed for the trinucleosome assembles, although
a well-separated 1-1-1 arrangement for trinucleosome is more likely, 29.8% and 34.6% for 601
DNA and non-specific DNA, respectively. This finding is in a sharp contrast with AFM studies of
arrays assembled on repeats of nucleosome-positioning sequences in which arrays of wellseparated nucleosomes are the predominant features (156–158, 161).
5.4.2

Role of Internucleosomal Interactions
To quantitatively characterize the internucleosomal interactions, we measured

internucleosomal distances for dinucleosome and 2-1 trinucleosome assemblies, for which this
parameter can be measured using AFM images. Quantitative analysis for both assemblies shown
in Figures 5.3 and 5.4 reveal a number of features of the nucleosome assemblies. These data
graphically demonstrate that nucleosomes can be tightly clustered in dinucleosome assemblies or

99

separated from each other in a broad range. Importantly, the nucleosomes in the dinucleosome
populations, separated at a peak distance as small as 30 bp, showed compact assemblies in which
24% of species display an internucleosomal distance of less than 10 bp. Overall, the distribution
is narrow, with a standard deviation of 13 bp. Monte Carlo simulations failed to identify such
frequent and close contacts when nucleosomes were allowed to position freely along the
substrates (Tables 5.4, 5.5). These data point directly to the role of internucleosomal interactions.
According to numerous publications (paper (162) and references therein), histone tails play a
critical role in the formation of tight internucleosomal contacts, as post-translational
modifications such as acetylation can decrease the nucleosome clustering, including the assembly
of dinucleosomes studied with AFM (157).
According to the molecular modeling of nucleosome arrays (162), the density of the
nucleosome packing depends on the orientation of the nucleosomes in which the tightest distance
(less than 1nm between the nucleosomes) corresponds to stacking of the disk-type particles. The
distance can be larger for other orientations of nucleosomes, and the variation of the entry-exit
angles between the adjacent nucleosomes, defined by the size of linker DNA between the
nucleosome, contributes to the orientation of the nucleosome and hence the internucleosomal
distance. We assume that the orientation factor can explain the breadth of the internucleosomal
distance distribution in our experiments. Note however, that histone tails not only bridge the
nucleosomes, but also can hinder the formation of the tight internucleosomal contacts. We have
recently shown that truncation of histone H4 can shift the internucleosomal distance for the
dinucleosome constructs to smaller distances (163).
5.4.3

Role of DNA Sequence
Clustered dinucleosomes were visualized before (156, 158, 161), although these were

minor species due to the use of DNA templates with positioning sequence repeats, so the
nucleosomes primarily occupied the nucleosome-specific motifs. The assembly of dinucleosomes
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in (156, 158) was explained by a relatively low energetic preference for assembly of nucleosomes
on favored motifs compared with non-favored ones, however, three-nucleosome clusters have not
been observed in those papers, nor four-nucleosome clusters, which in our case were observed
with high yield. Our theoretical model and estimates made with the comparison with experiments
provide the following explanation for the nucleosome clustering. The affinity of nucleosome to
non-specific DNA sequence is as low as 0.3 kBT. Given that the internucleosomal attraction is
relatively high, Eint ~ 1.5 kBT, or 0.9 kcal/mole, as per our calculations above and previous
publications (160), the assembly of clusters is a favorable process. However, affinity of
nucleosome to positioning sequences can prevent the assembly of nucleosome clusters.
Importantly, our theoretical analysis explains that differences in distributions of states in
dinucleosomes are due to different interaction strengths between the nucleosomes and nonspecific and 601 positioning DNA segments. It is of note that the theoretical analysis was
retroactively applied to the results presented in Chapter 3, with the theoretical data matching
precisely to the experimental data. Thus, the morphology of nucleosome array is defined by the
DNA sequence, so one can expect clusters along with non-clustered segments in the array.
However, natural nucleosomal DNA contains only modest sequence periodicity (158, 164), so
clustering of nucleosomes should be the most representative morphology of the chromatin. AFM
images of trinucleosome and tetranucleosome clusters did not reveal geometric features of
periodic solenoid model of chromatin. The non-regular morphology of tri- and tetra-nucleosome
arrays observed in this study better fit the model of irregular chromatin structure (148).
Importantly, the assembly of nucleosome in clusters can be an important factor in the gene
regulation. Promoter regions in eukaryotes do not show a high affinity to nucleosome assembly
(165–167) allowing for the nucleosome clustering. Such clusters would create a hurdle for
transcription factors to bind regulatory regions as well as for RNA polymerase to transcribe
genes.
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5.3.4

Conclusion
In conclusion, we have explored the properties of higher order nucleosome arrays in this

Chapter. We utilized different DNA sequences to assess the influence of both positioning and
internucleosomal interaction. We discovered that nucleosome assembly across the substrates is
not random, and impacted both by DNA sequence and internucleosomal interactions, dictated by
the freedom of NCPs to move along the substrate. Finally, we developed a theoretical model that
accurately predicts the clustering of higher order nucleosome structures. From these findings, we
are able to propose that the regularly spaced 30 nm nucleosome fiber model is, in fact, incorrect.
Moreover, our findings support the theory that nucleosome arrays exist in more heterogeneously
compacted forms, and that these degrees of compaction can be predicted by theory.
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CHAPTER 6. PROGRESSIVE STUDIES OF COMPLEX SYSTEMS
Work from publications: Sequence dependent nanoscale structure of CENP-A nucleosomes,
bioRxiv, 2022, and Transcription factor NF-κB unravels nucleosomes, Biochimica et Biophysica
Acta- General Subjects, 2021
6.1

Introduction
In previous Chapters, we have characterized the roles of a variety of factors in the

assembly and structure of nucleosomes and nucleosome arrays. We have identified several key
features critical to chromatin structure; DNA sequence, histone modifications, and
internucleosomal interactions. In this Chapter, we present two projects directed at expanding the
complexity of the systems in our studies. These studies represent the potential future of our work
in elucidating a complete description of chromatin dynamics.
6.1.1

Characterization of CENP-A Nucleosomes
In the previous Chapters, we identified the roles of DNA sequence and internucleosomal

interactions on the nucleosome assembly. We identified an important role of the histone H4 tail
in the histone-DNA interaction, and that internucleosomal interactions can compensate for lost
interactions of the H4 tail. Here, we expand our studies to an important histone variant, CENP-A.
The centromere is a specialized region of chromosomes that aids in chromosomal
segregation. This region has several key features that likely lead to unique structures distinct from
those found in bulk chromatin that possess dynamic properties necessary for proper centromere
function. The distinction between the centromere and bulk chromatin appears at the nucleosomal
level; this is the presence of histone H3 variant CENP-A (95, 96). CENP-A has been shown to be
necessary for proper kinetochore association and chromosome segregation (168). Kinetochores
must be able to interact directly with the centromere in order to connect centromere chromatin to
microtubules; this interaction is necessary for faithful chromosome segregation (169). In fact,
CENP-A deposition on non-centromere genomic sites can result in recruitment of all kinetochore
components and formation of a neocentromere (170, 171). While CENP-A protein shares high
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sequence identity with histone H3 (97, 172), they have distinct characteristics. CENP-A
nucleosomes exhibit a reduced wrapping efficiency compared with their H3 counterparts,
wrapping 13 bp less at the entry-exit sites of the nucleosome core (98). At the same time, CENPA nucleosomes demonstrate a similar, or even enhanced, core stability compared with H3
nucleosomes (103, 173). Moreover, unlike H3 nucleosomes, CENP-A nucleosomes are formed
exclusively at the centromere (174, 175).
Another key feature of centromeric chromatin is the presence of tandem repeats of alphasatellite (a-sat) DNA motifs. The a-sat motifs share high sequence identity, and all motifs are A-T
rich and 171 bp in length (104). These motifs form higher order repeats spanning thousands of
bases, which together comprise the centromere region spanning several megabases (105).
Recently, the human centromere was sequenced, highlighting the important role of a-sat arrays in
the interaction and almost exclusive localization of CENP-A (176). An important characteristic of
a-sat DNA is that it contains a 17 bp motif called the CENP-B box. This motif specifically binds
centromere protein B (CENP-B), another protein that is thought to play a significant role in the
assembly of the centromere (177). On the other hand, the CENP-B protein is considered nonessential to the survival of its host organisms due to knockout mice studies (178). This further
complicates the understanding of the role of DNA sequence and protein interaction in the
assembly of the centromere.
In previous studies, our lab identified dynamic translocation properties of CENP-A
nucleosomes and proposed a model explaining the effect of nucleosomal DNA shortening on
such nucleosomes (99, 103, 179). However, the experiments were performed on the nonphysiological 601 motif characterized by the high affinity for the assembly of H3 nucleosomes
(50). The goal of this study was to reveal nanoscale structural characteristics of nucleosomes
assembled on the a-sat sequence and those assembled with CENP-A. We utilized AFM with the
capability to characterize nucleosomes on the single molecule level with nanometer resolution to

104

address this issue (107, 152, 154, 163, 180). We assembled CENP-A nucleosomes on three
different substrates: a substrate containing an a-sat motif, a substrate containing non-specific
DNA, and nucleosomes assembled on the Widom 601 positioning motif to determine whether or
not CENP-A has distinguishing structural characteristics between a-sat and other DNA
sequences. H3 nucleosomes were also assembled on a-sat DNA for comparison. We end-labeled
DNA with SA (181) as done in prior Chapters to differentiate between DNA ends. We found that
the a-sat motif does not influence the position of CENP-A nucleosomes. Moreover, we identified
similarities between CENP-A nucleosomes assembled on the a-sat DNA and those assembled on
non-specific DNA. The data indicate other factors, rather than simply CENP-A or DNA
sequence, dictate the assembly of the centromere.
6.1.2

Methods

6.1.2a DNA Substrate Preparation
The DNA substrates used in nucleosome assembly were generated using PCR with a
pUC57 plasmid vector from BioBasic (Markham, ON, CA). A biotinylated reverse primer (IDT,
Coralville, IA) was used on all substrates for streptavidin labeling. Substrates containing the
Widom 601 motif and the non-specific DNA totaled 377 bp in length, while the substrate
containing the a-sat motif totaled 410 bp in length. Schematics of the substrate designs can be
seen in Figure 6.1.1. DNA substrates were separated by gel electrophoresis using 1% SeaKem LE
Agarose gel (Lonza Group AG, Basel, Switzerland). The bands were excised and purified using
QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). DNA concentration was then
determined using NanoDrop Spectrophotometer ND-1000 (Thermo Fischer, Waltham, MA).

105

Figure 6.1.1: Schematic representation of the DNA substrates. Schematic (A) represents the
a-sat substrate. Schematic (B) represents the 601 substrate. Schematic (C) represents the nonspecific substrate. F1 is 114 bp and F2 is 125 bp on substrate (A). F1 is 113 bp and F2 is 117 bp
on substrates (B) and (C). A-sat represents the a-sat sequence of 171 bp. The yellow region
represents the 17 bp CENP-B box within the a-sat sequence. 601 represents the Widom 601
sequence of 147 bp. NS represents a non-specific sequence of 147 bp. The black circles represent
the biotin label at the end of each template.
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6.1.2b Nucleosome Reconstitution and SA Labeling
For CENP-A nucleosome studies, recombinant human CENP-A/H4 tetramers and
H2A/H2B dimers were purchased from EpiCypher (Research Triangle Park, NC), while for H3
nucleosomes, recombinant human octamers containing H3 were purchased from EpiCypher.
Nucleosome assembly was achieved using the gradien dilution method, as described in Chapter 2.
Briefly, purified DNA was mixed with histones at a 1:2:1 ratio of DNA:dimer:tetramer for
CENP-A and a 1:1 ratio of DNA:octamer for H3 nucleosomes in a buffer containing 2M NaCl
and 10 mM Tris pH 7.5. A syringe pump was used to reduce the concentration to 200 mM NaCl
over the course of 120 min. Nucleosomes were then stored at 4oC.
Before deposition for imaging, nucleosomes were labeled at a terminal biotin using SA,
which binds specifically to the biotinylated DNA terminus (182). Assembled nucleosomes were
incubated with SA as previously described.
6.1.2c AFM Imaging and Data Analysis
Sample preparation for AFM imaging was performed as described in previous Chapters.
DNA contour length analysis, as described previously, was performed by measuring from the
center of the protein label to the free end of DNA using Femtoscan software (Advanced
Technologies Center, Moscow, Russia).
All graphs were created using Origin, Version 6.0, and Origin 2016 (OriginLab
Corporation, Northampton, MA, USA). Gaussian fitting was performed automatically using
Origin software’s “Fit Gaussian” analysis function on each histogram. The reported peak values
correspond to the output of the “Fit Gaussian” analysis function.
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6.1.3

Results

6.1.3a CENP-A Nucleosome Assembly on A-Sat Motif
CENP-A and H3 nucleosomes were assembled on the a-sat DNA substrate shown in
Figure 6.1.2A. The substrate features a centrally positioned a-sat sequence containing the CENPB box flanked on both ends by non-specific DNA. DNA was terminated with biotin on the far
flank allowing for distinction between DNA ends on assembled nucleosomes after SA labeling.
Incubation with SA was performed immediately prior to the deposition of nucleosome samples on
mica functionalized with APS for AFM imaging.
We performed static AFM imaging of the nucleosomes and produced images of the
nucleosome samples like those shown in Figure 6.1.2. A representative image of assembled
CENP-A nucleosomes can be seen in Figure 6.1.2A, while a representative image of assembled
H3 nucleosomes can be seen in Figure 6.1.2B. Nucleosome cores are identifiable as the bright
globular features along the DNA substrate, while SA is distinguishable as the smaller, less
pronounced round features at the end of DNA substrates. From these images we measured the
contour length of all nucleosome flanks and the nucleosome core position with regard to the SAlabeled DNA end. The data for flank lengths can be seen in Figure 6.1.3, where it is shown that
the flank length distribution for both types of nucleosomes is quite similar.
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Figure 6.1.2: Representative AFM images. Representative images of CENP-A nucleosomes
(A) and H3 nucleosomes (B) assembled on the a-sat DNA substrate labeled with SA. Scale bars
indicate 100 nm.
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Figure 6.1.3: Free DNA flank measurements. Flank measurements for CENP-A nucleosomes
(A) and H3 nucleosomes (b) assembled on the a-sat DNA substrate. Unlabeled flank lengths are
shown in red, while labeled flank lengths are shown in blue.
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The nucleosome flank lengths were subtracted from the known DNA substrate length of
410 bp to determine the wrapping efficiency of each nucleosome. The results were plotted as
histograms shown in Fig. 6.1.4. Fitting a Gaussian curve to each histogram produced an average
wrapping efficiency of 125 ± 20 bp and 146 ± 22 bp for CENP-A and H3 nucleosomes,
respectively. These values are consistent with the expected wrapping efficiency of fully
assembled nucleosomes.
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Figure 6.1.4: Analysis of CENP-A nucleosome on 601 DNA. Histograms with Gaussian fitting
of CENP-A nucleosome (A) and H3 nucleosome (B) wrapping efficiency on the a-sat DNA
substrate reveal a mean wrapping efficiency of 125 ± 20 bp and 146 ± 22 bp for CENP-A and H3
nucleosomes, respectively.
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Mapping of nucleosome positioning was performed utilizing the end labeling of our DNA
substrate, and the results are shown in Figure 6.1.5. The gray regions of the maps represent the
free DNA flanks of the nucleosomes. The blue regions indicate the DNA occupied by the
nucleosome. The maps are overlayed with a transparent green region, indicative of the a-sat motif
on the DNA substrate. The transparent white bar is representative of the position of the CENP-B
box within the a-sat motif. The results for CENP-A and H3 mapping are strikingly similar. A
decrease in end positioning is seen for CENP-A nucleosomes; H3 nucleosomes are observed to
position at the end of the DNA substrate in 18% of cases (n=196), while CENP-A nucleosomes
are end-positioned in only 9% of cases (n=194). However, no direct preference for the CENP-B
box or the a-sat motif is observed for either nucleosome type. These data suggest that the a-sat
motif does not inherently influence the positioning of CENP-A nucleosomes at the centromere.
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Figure 6.1.5: Nucleosome mapping on a-sat. Mapping of CENP-A (A) and H3 (B) nucleosome
position along the a-sat DNA substrate. Gray bars represent free DNA flanks. Blue regions
indicate DNA wrapped by the nucleosome. The transparent green region indicates the a-sat motif.
The transparent white bar indicates the position of the CENP-B box within the a-sat motif.
Nucleosome position is organized by smallest to greatest distance from the SA-labeled DNA end.
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6.1.3b CENP-A Nucleosome Assembly on 601
In order to assess how CENP-A nucleosome structure is affected by the a-sat motif, we
assembled nucleosomes on the substrate containing the well-defined Widom 601 nucleosome
positioning motif. A representative image of the nucleosome assembly can be seen in Figure
6.1.6. We performed the same analysis on these nucleosomes as we did with those assembled on
the substrate containing the a-sat motif, and the results are shown in Figure 6.1.6B,C. The
histogram in Figure 6.1.6B describes the wrapping efficiency for nucleosomes assembled on the
601 motif. The wrapping efficiency of nucleosomes on the 601 motif display a bimodal
distribution, with a fully wrapped major peak at 121 ± 18 bp and an over wrapped minor peak at
154 ± 13 bp. This distribution of wrapping efficiency is broader than that seen on the a-sat motif,
suggesting that the DNA sequence affects the stability of CENP-A nucleosomes. The free DNA
flank measurements are shown in Figure 6.1.7A. Nucleosomes assembled on the 601 motif vary
more in the flank length of the SA-labeled arm compared with the non-labeled arm, suggesting
that the nucleosomes over wrap in an asymmetric manner on this substrate.
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Figure 6.1.6: Nucleosome assembly on 601 motif. (A) Representative image of nucleosome
samples. Scale bar indicates 100 nm. (B) Histogram of wrapping efficiency displays a bimodal
distribution, with a fully wrapped major peak at 121 ± 18 bp and an over wrapped minor peak at
154 ± 13 bp. (C) Mapping of nucleosomes assembled on the 601 motif display central positioning
in line with the position of the motif.

116

Figure 6.1.7: DNA flank measurements. Free DNA flank measurements for CENP-A
nucleosomes assembled on the 601 motif (A) and the non-specific DNA (B). Unlabeled flank
lengths are shown in red, while labeled flank lengths are shown in blue.
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Mapping of the nucleosomes is shown in Figure 6.1.6C. Nucleosomes assembled on the
601 substrate display consistent positioning along the central region of the DNA substrate; this is
consistent with the position of the 601 motif, indicating that CENP-A nucleosomes bind tightly to
this region. No such positioning effect was observed on the a-sat substrate, highlighting the strong
preferential binding of the 601 sequence and suggesting that CENP-A assembly along the a-sat
substrate is not itself dependent on the sequence of the motif.
6.1.3c CENP-A Nucleosome Assembly on Non-specific DNA
To assess whether any sequence-dependent wrapping or positioning effect is present in
the a-sat substrate, we assembled CENP-A nucleosomes on the DNA substrate containing no
positioning sequence or centromeric sequence seen in Figure 6.1.1C. This substrate is termed the
non-specific substrate. A representative image of nucleosomes on this substrate is shown in
Figure 6.1.8A. The wrapping efficiency of nucleosomes assembled on non-specific DNA was
determined and plotted as a histogram as done before. The histogram, Figure 6.1.8B, displays a
broad Gaussian fitting with a peak centered around 128 ± 40 bp. This value is both larger and
broader than that seen on other substrates. Mapping of CENP-A nucleosomes assembled on the
non-specific DNA, Figure 6.1.8C, revealed that the nucleosomes do not show preferential
positioning. This trend is similar to that seen for nucleosomes assembled on the a-sat motif,
indicating that the a-sat motif acts as non-specific DNA with regard to the positioning of
nucleosomes at the centromere.
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Figure 6.1.8: Nucleosome assembly on non-specific DNA motif. (A) Representative image of
nucleosome samples. Scale bar indicates 100 nm. (B) Histogram of wrapping efficiency displays
a broad Gaussian fitting with a peak centered around 128 ± 40 bp. (C) Mapping of nucleosomes
assembled on non-specific DNA display no preferential positioning.
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6.1.4

Discussion
In this study we explored the effect of DNA sequence on the assembly of CENP-A

nucleosomes. CENP-A and H3 nucleosomes are both present at the centromere where they wrap
tandem repeats of a-sat DNA. However, how the presence of both nucleosomes at the centromere
and how they interact with a-sat DNA effects the structure and function of the centromere is still
unknown. To our knowledge, this is the first direct comparison between CENP-A and H3
nucleosomes assembled on a-sat DNA at the single-molecule level. We discovered that both
nucleosomes assemble rather similarly along a-sat DNA. Moreover, our characterization of
CENP-A nucleosomes on different DNA substrates revealed that a-sat DNA acts more as nonspecific DNA with regard to nucleosome assembly than as a positioning motif. Below we discuss
these findings and their implications in more detail.
6.1.4a Sequence-Dependent Wrapping Efficiency of Centromere Nucleosomes
The centromere is defined by the presence of a-sat repeats and CENP-A nucleosomes.
Yet, our results indicate that CENP-A nucleosomes treat a-sat DNA similarly to non-specific
DNA. One important feature found in nearly all variations of a-sat DNA in humans is the
presence of the CENP-B box, the 17 bp motif that binds CENP-B protein (183). It is important to
consider that this motif could play a large role in centromere structure as well. Our studies
showed no specific preference for the a-sat region for neither CENP-A nor H3 nucleosomes.
However, when breaking down nucleosomes into sub-populations based on wrapping efficiency,
we noted an interesting effect. We separated both CENP-A and H3 nucleosomes assembled on
the a-sat substrate into sub-populations based on how many turns the DNA wraps around the
nucleosome core, and these can be seen in Figure 6.1.9 and Figure 6.1.10. In both figures,
nucleosomes were separated into four groups- those that wrap less than 1.25 turns of DNA
(Figure 6.1.9A,6.1.10A), those that wrap 1.25-1.5 turns (Figure 6.1.9B,6.1.10B), those that wrap
1.5-1.75 turns (Figure 6.1.9C,6.1.10C), and those that wrap more than 1.75 turns (Figure
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6.1.9D,6.1.10D). Next to each map is a representative zoomed in snapshot of a nucleosome
adopting that conformation. The blue regions indicate wrapped DNA, while the green regions
indicate the a-sat sequence and the light gray line indicates the CENP-B box. We found that, as
nucleosomes take on a more wrapped conformation, they tended to over wrap in the direction of
the CENP-B box. If nucleosomes indeed over wrap toward the CENP-B box, it implicates the
motif in both the positioning and stability of nucleosomes formed at the centromere. Future
studies involving the CENP-B box and CENP-B protein are warranted to evaluate their effect on
centromere structure and function.
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Figure 6.1.9: Mapping of CENP-A subpopulations. Mapping of CENP-A nucleosome position
on the a-sat substrate based on wrapping efficiency. (A) Under wrapped nucleosomes. (B) Fully
wrapped nucleosomes. (C),(D) Over wrapped nucleosomes.
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Figure 6.1.10: Mapping of H3 subpopulations. Mapping of H3 nucleosome position on the asat substrate based on wrapping efficiency. (A) Under wrapped nucleosomes. (B) Fully wrapped
nucleosomes. (C),(D) Over wrapped nucleosomes.
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6.14b Other Factors Involved in Centromere Formation
We know that CENP-A is required for the faithful assembly of the kinetochore (168), and
that CENP-A nucleosomes are found in high abundance at the centromere, so there must be
important characteristics of the nucleosome structure on a-sat that facilitate this process. It should
be noted, however, that other factors can be responsible for these unique properties of the
centromere, and these factors can serve as intermediaries between the DNA sequence and the
CENP-A core. HJURP protein, for example, associates with Mis18 complexes to promote CENPA deposition at the centromere (184). Additionally, recent studies have tested the importance of
other centromere proteins, namely CENP-B and CENP-C, in a complex feedback loop regulating
the faithful deposition and assembly of CENP-A at the centromere (185). These factors could
explain the lack of preferential positioning observed in our system utilizing CENP-A
nucleosomes and a-sat DNA.
Another important feature to consider is that nucleosomes assemble in arrays along the
centromere. While positional preference was not found in this study, CENP-A nucleosomes
assembled on a-sat DNA were identified as having the most stable wrapping efficiency, wrapping
125 ± 20 bp of DNA, shown in Figure 6.1.4. The commonly accepted value for a fully wrapped
CENP-A nucleosome is 121 bp due to the 13 bp terminal DNA segments detached from the
histone core (99). CENP-A nucleosomes on other substrates were found more commonly in
varied and over wrapped states. Our previous studies have indicated the importance of
internucleosomal interactions in canonical nucleosomes to their positioning and stability (107,
163), and this effect may be even more critical at the centromere. The improved stability of
CENP-A nucleosomes on a-sat DNA could provide a synergistic effect with internucleosomal
interactions, allowing this region to withstand the forces the centromere is subjected to during cell
division (186). Future studies are warranted to explore this property of CENP-A on a-sat.

124

6.1.4c Conclusion
In conclusion, we have directly compared the assembly of CENP-A and H3 nucleosomes
on a-sat DNA in this study. We compared CENP-A assembly on a-sat to other sequences, the
strong positioning sequence, and a non-specific sequence. We revealed that CENP-A
nucleosomes position on a-sat rather similarly to those assembled on non-specific DNA.
Moreover, we identified a potential effect of the a-sat sequence CENP-B box on nucleosome
assembly and stability. At the same time, the presence of a-sat and CENP-A are shown to be
insufficient to explain the unique features found at the centromere. Taken together, the results
reported here suggest that assembly of nucleosomes at the centromere is dependent on a complex
system of interactions, including interactions between CENP-A, a-sat DNA, and other centromere
proteins.
6.2.1

Effect of NF-κB on Nucleosome Structure
In the second project, we expand the complexity of our system by considering the

interaction of transcription factor (TF) nuclear factor-kappa B (NF-κB) with nucleosomes. TFs
play a critical role in activating gene expression by regulating the copying of DNA to RNA.
Nucleosomes, however, present a barrier to transcription. In order to accomplish their function,
TFs must interact with DNA occupied by nucleosomes, but how this interaction occurs is unclear.
The NF-κB family of TFs regulate the transcription of a diverse variety of genes involved in
immune response, inflammation, cell differentiation, and apoptosis (187–189). NF-κB is found
across mammals and simpler animals, and in nearly all cell types (190). In mammals, the family
is composed of five proteins- p50, p52, p65, RelB, and c-Rel- that form dimers in different
combinations to perform different transcriptional functions (187). The p65/p50 NF-κB
heterodimer (hereafter referred to as NF-κB) is the most common complex in the NF-κB family
and is especially important in inflammatory response in mammalian cells (191). As such, we
chose it as the focus of this project.
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As a rapid acting TF, NF-κB responds quickly to inflammatory signals by invading the
nucleus from the cytoplasm en masse and binding to its DNA target sites to begin transcription
(192–194). The binding sequence specificity is still up for debate; NF-κB has been shown to
efficiently bind to sequences other than the consensus sequence, including half-sites (195, 196).
Importantly, the means by which NF-κB interacts with nucleosomes and chromatin remains
unclear. Nucleosomes act as barriers to transcription, and studies have shown that NF-κB
recruitment can be inhibited by nucleosomes (197, 198). At the same time, it is unclear whether
NF-κB is able to interact with nucleosomal DNA. An in-depth study utilizing EMSA and
footprinting found that the p50 homodimer is incapable of binding a recognition sequence located
at the nucleosomal dyad without induced nucleosome destabilization (131), while another study
demonstrated that the homodimer can indeed invade the nucleosome and bind to an internally
held recognition sequence (199). Moreover, it is unclear whether NF-κB is capable of inducing
structural nucleosome modulation or eviction. Our results in this project show that NF-κB is
capable of unraveling nucleosomes. We proposed two models of interaction; in the first, NF-κB
initially interacts with the free DNA flanks, and in the second, NF-κB interacts directly with the
nucleosome core. We propose that NFkB is capable of functioning as a pioneer factor (200), and
that this property of NF-κB is essential for the transcription processes it mediates. This work has
recently been cited as evidence that NF-κB is, in fact, a pioneer factor (201).
6.2.2

Methods

6.2.2a NF-κB Preparation
A pET11a plasmid containing genes for murine p50 (residues 39-350) and p65 (residues
19-321) with an N-terminal 6x-His tag on p50 was transformed into the E. coli strain BL21(DE3) to generate recombinant protein. Cultures were grown at 37˚C in 1 L M9 minimal media
in the presence of ampicillin to an OD600 of 0.6, then transferred to ice for 20 minutes.
Expression was induced with 0.2 mM IPTG, and cultures were incubated at 18˚C for 16 hours.
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Cells were harvested, suspended in Lysis Buffer (25 mM Tris, 150 mM NaCl, 10 mM imidazole,
10 mM β-mercaptoethanol at pH 7.5), and 1 mM fresh PMSF and a protease inhibitor cocktail
were added. Cells were lysed by sonication, then centrifuged at 12,000 rpm for 45 minutes. The
supernatant was loaded onto a 5 mL Ni2+-NTA gravity column equilibrated in Loading Buffer
(25 mM Tris, 150 mM NaCl, 10 mM imidazole, 10 mM β-mercaptoethanol at pH 7.5) in a 4˚C
cold room. The column was washed with 100 mL Wash Buffer (25 mM Tris, 150 mM NaCl, 20
mM imidazole, 10 mM β-mercaptoethanol at pH 7.5) and eluted in 30 mL Elution Buffer (25 mM
Tris, 150 mM NaCl, 250 mM imidazole, 10 mM β-mercaptoethanol at pH 7.5). The protein was
dialyzed overnight against 3 L Dialysis Buffer (25 mM Tris, 150 mM NaCl, 10 mM βmercaptoethanol, 0.5 mM EDTA at pH 7.5) using SnakeSkin dialysis tubing (7,000 molecular
weight cutoff). The sample was loaded onto a MonoS 10/100 column (GE Healthcare)
equilibrated in Buffer A (25 mM Tris, 0.5 mM EDTA, 1 mM DTT at pH 7.5), and protein was
eluted using a 40 mL gradient from 0-700 mM NaCl. The protein was finally run over a Superdex
200 column in SEC Buffer (25 mM Tris, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT at pH 7.5).
6.2.2b DNA Substrate Preparation and Nucleosome Assembly
DNA substrates used were the same as those shown in Figure 2.1A,B. Nucleosome assembly was
performed using the gradient dialysis method described in Chapter 2.
6.2.2c NF-κB Binding Reaction
NF-κB was diluted to the appropriate concentration in NF-κB buffer (25 mM Tris pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 1 mM DTT). Samples of NF-κB bound to free DNA were
incubated at a 2:1 protein:DNA ratio with a DNA concentration of 150 nM for 10 minutes at
room temperature in sample buffer before deposition. Samples of NF-κB bound to nucleosomes
were incubated with a nucleosome concentration of 150 nM at either a 1:1 or 2:1 ratio for 10
minutes before deposition. Nucleosome control experiments were diluted in NF-κB buffer and
held at room temperature for 10 minutes before final dilution and deposition.
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6.2.2d AFM Imaging and Data Analysis
AFM imaging in air was performed as described in previous Chapters. DNA contour
length analyses for nucleosome studies were performed as described in previous Chapters.
Wrapping efficiency for nucleosomes was calculated by subtracting the combined flank
lengths from the known DNA lengths. These methods were used to produce histograms and
mapping of nucleosome position and wrapping efficiency. Volume analysis was performed using
FemtoScan’s grain analysis feature. Particles to be measured were boxed and automatically
outlined. The software then calculated the volume of the outline particles. All graphs were
produced using Origin software.
6.2.3

Results

6.2.3a NF-κB-induced Nucleosome Unraveling
We studied the effect of the NF-κB protein on the nucleosome structure. NF-κB was
incubated for 10 minutes with assembled nucleosomes at a 1:1 ratio before dilution and
immediate deposition for AFM imaging. A representative AFM image and selected snapshots can
be seen in Figure 6.2.1A. The snapshots show nucleosome-NF-κB complexes in which NF-κB is
bound to the DNA flanks (indicated by the blue arrows, nucleosome cores indicated by the red
arrows) in different positions along the substrates. NF-κB is observed bound at locations all
across the substrate. We calculated the wrapping efficiency of these complexes in the same
fashion as above. In determining the length of the unbound DNA for nucleosome wrapping
efficiency calculation, DNA bound by NF-κB was considered as free DNA, as no change in the
DNA contour length in complexes with NF-κB was detected. The histogram of the measured
wrapping efficiency in complexes assembled on the 601 substrate bound by NF-κB on the flanks
is shown in Figure 6.2.1B. Nucleosome- NF-κB complexes at a 1:1 ratio demonstrate a decrease
in mean wrapping efficiency to 135 ± 3 bp (SEM), corresponding to unravelling of 14 bp
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compared with the control nucleosome samples. On the non-specific substrate, these nucleosomes
demonstrate a mean wrapping efficiency of 131 ± 2 bp (SEM) as shown in Fig. 6.2.1C.
We performed position mapping of 601 nucleosomes in complex with NF-κB in the same
manner as with the control group to determine whether nucleosome unravelling was associated
with translocation of the nucleosome away from the 601 motif (Figure 6.2.1D). Nucleosome
position is indicated in red and NF-κB position in blue- each bar represents a single complex. The
mapping indicates that the nucleosome position is not affected by the presence of NF-κB.
Nucleosomes are positioned around the region of the Widom 601 sequence; hence, no
translocation is observed.
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Figure 6.2.1: Nucleosome-NF-κB analysis. Analysis of nucleosomes incubated with NF-κB at a
1:1 ratio. (A) Representative image of assembled nucleosomes with snapshots below. Red arrows
point to nucleosome core and blue arrows point to NF-κB. NF-κB is shown to position anywhere
along the free DNA arms. Bar size is 50 nm. (B) Histogram of wrapping efficiency (n = 203)
reveals a mean wrapping of 135 ± 3 bp (SEM) in complexes with NF-κB bound to the flank. (C)
Histogram of wrapping efficiency for nucleosomes incubated with NF-κB at a 1:1 ratio (n = 265)
reveal a wrapping of 131 ± 2 bp (SEM). (D) Position mapping of nucleosomes with NF-κB
present on flank at 1:1 ratio. Nucleosomes with NF-κB bound to flanks mapped by position of
nucleosome relative to NF-κB flank. Nucleosomes in red, NF-κB in blue.
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To verify that NF-κB is contributing to the volume and even interacting with the core, we
performed a scatter plot comparison and high-volume population comparison of our samples
lacking NF-κB against our samples containing NF-κB at a 1:1 ratio. The results are shown in
Figure 6.2.2. Graphs in black, Figure 6.2.2A(i) and 6.2.2B(i), represent the sample population of
nucleosomes lacking NF-κB. Graphs in red, Figure 6.2.2A(ii) and 6.2.2B(ii) represent the sample
population of nucleosomes incubated with NF-κB at a 1:1 ratio. Graphs 6.2.2A(iii) and 6.2.2B(iii)
display the merged data of the two sample populations as a single graph. In Figure 6.2.2A, we
plotted the core volume of all measured complexes over the wrapping efficiency of the same
particles. Each dot represents a single complex. We found that, in samples that contain NF-κB,
the core volume of complexes was increased by ~50 nm3 on average when wrapping efficiency
was considered. This provides further evidence that NF-κB is contributing to the volume of some
complexes. In Figure 6.2.2B, we took the subpopulation of complexes with a higher-than-average
measured volume (>300 nm3) in both samples lacking NF-κB (black) and samples containing NFκB (red) and plotted a histogram of their respective wrapping efficiencies. Nucleosomes not
incubated with NF-κB predictably revealed a mean wrapping efficiency higher than average, as
contribution of DNA to the nucleosome core is the primary factor in the volume of the core.
However, we found that complexes incubated with NF-κB were consistently under-wrapped
when compared with their NF-κB-lacking counterparts. This result indicates that NF-κB directly
interacting with the core of the nucleosome particle is also contributing to the partial unravelling
of such nucleosomes.
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Figure 6.2.2: Volumes and wrapping efficiencies of complexes. Volume and wrapping
comparison of samples lacking and samples with NF-κB present. Graphs in black represent
samples lacking NF-κB (A(i), B(i)). Graphs in red represent samples with NF-κB present (A(ii),
B(ii)). Merged data of the graphs is presented below (A(iii), B(iii)) . (A) Plotting of nucleosome
core particle volume over wrapping efficiency (n = 280). (B) Histograms of the wrapping
efficiency of nucleosomes with a nucleosome core volume greater than average (n = 139).
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6.2.4

Discussion
In this study, we describe the interaction of TFs with nucleosomes. This set of

experiments sets a foundation for a more detailed description of nucleosome dynamics. In this
study, we observed NF-κB bound to the nucleosome and flanking sequences randomly, with little
bias towards its consensus binding site consistent with other reports (196). The major finding of
this study is that NF-κB decreases the wrapping efficiency of nucleosomes. Importantly,
unwrapped nucleosomes were detected for the complexes in which NF-κB was not directly bound
to the nucleosome core. We propose two possible models for NF-κB-nucleosome interactions that
explain these findings.
6.2.4a NF-κB Model of Interaction I
In our first model, shown in Figure 6.2.3A, interaction of NF-κB with nucleosome is a
dynamic process. After binding the nucleosome core, NF-κB unwraps the nucleosome. NF-κB
can dissociate from the core and bind free DNA flanks. However, these species remain
unwrapped, suggesting that the interaction of NF-κB with the core changes the structure of the
core, so that after dissociation of NF-κB, the core remains unwrapped. According to our
measurements, the mean unwrapping effect of NF-κB is 14 bp for nucleosomes assembled on the
Widom 601 sequence and this value is slightly higher for nucleosomes assembled on non-specific
M3 DNA template. However, this is a conservative estimate. Given the known wrapping
efficiency of nucleosomes without NF-κB, we estimate that the population of species with NF-κB
bound to the core can unwrap as much as ~ 30-50 bp. Such a strong unwrapping effect of NF-κB
is in line with the data in Fig. 6.2.2B(iii). According to this graph, there is a substantial population
of species with the nucleosome core bound by NF-κB with wrapping efficiencies below 130 bp.
Such an unwrapping effect can be accompanied by a considerable change of the overall structure
of nucleosome, perhaps preventing DNA wrapping after the NF-κB dissociation.
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6.2.4b NF-κB Model of Interaction II
In our second model, shown in Figure 6.2.3B, NF-κB binds to the nucleosome flank,
inducing a downstream loosening of the nucleosome core-bound DNA interaction and allowing
NF-κB to interact with the newly unraveled DNA. Our experimental results indicate that NF-κB
is able to induce a conformational change in the nucleosome, causing it to adopt a more open
conformation. We can see in Fig. 6.2.2A that this unraveled state is not always associated with an
increased core volume, indicating that NF-κB is not always present at the core at the time of the
measurements. Nucleosomes are known to undergo “breathing” in which they transiently wrap
and unwrap. The interaction of NF-κB with the DNA flank may shift the equilibrium of this
“breathing” toward the unraveled state of the nucleosome by lowering the energy barrier to the
more unraveled state. Studies have shown that nucleosomes assembled on 601 are capable of
asymmetrically unravelling 10 or more base pairs of DNA under minute levels of tension (202),
suggesting that it is reasonable to predict other factors could readily induce similar levels of
unravelling, as seen in this study. Interestingly, while preferential binding to the NF-κB
positioning motif was not observed on naked DNA, the motif is located within the ~10-20 bp
region that more readily unravels on the 601 substrate, suggesting that NF-κB may be positioning
there. Binding of NF-κB to the DNA flanks induces a shift to a more open conformation, which
in turn allows the protein to bind the nucleosome core more easily. This interaction with the core
in turn induces a structural shift which causes the open conformation to become permanent. It is
important to note that in this setup the nucleosome is not evicted or translocated, yet it is still
destabilized.
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Figure 6.2.3: Models of nucleosome unraveling. (A) NF-κB binds the nucleosome core and
unwraps the nucleosome, inducing a structural change in the core that remains after leaving the
core. NF-κB is free to bind the flanks after dissociation. (B) NF-κB binds the free DNA flanks,
inducing a loosening of the nucleosome core-DNA interaction, allowing the protein to interact
with the newly unraveled DNA.
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Our findings on nucleosomes unraveling by NF-κB is significant in that, coupled with the
unravelling effect observed, binding to condensed chromatin is a trait reserved for pioneer
transcription factors (200, 203, 204). While NF-κB is not currently categorized as a pioneer
factor, the results in this study suggest that it is capable of acting as one. As suggested above, this
direct binding to the core may indeed induce a structural change in the core, permanently
inducing a more unraveled conformation of the nucleosome. This finding makes sense in the
context that NF-κB is a rapid acting transcription factor responsible for responding quickly to
stimuli (205). Our results also resolve the questions surrounding chromatin accessibility in the
Granulocyte/macrophage colony-stimulating factor (GM-CSF) promoter. Previous studies had
shown that nuclear NF-κB levels play a critical role in increased chromatin accessibility at this
promoter, but the origin of this effect remained unknown (206). Our results demonstrate clearly
that NF-κB by itself can unravel nucleosomes and put to rest the idea that it must rely on other
factors for that first step of transcription activation. NF-κB can apparently function as a pioneer
factor and by itself unravel the DNA.
6.2.4c Conclusion
In conclusion, here we have revealed NF-κB is capable of independently unraveling
nucleosomes on different substrates. Moreover, NF-κB does not displace the nucleosome,
suggesting that unraveling involves dissociation of one or both flanks of the nucleosomes.
Finally, we discovered two binding modes of NF-κB associated with nucleosome unraveling NF-κB bound to the nucleosome core and to the DNA flanks. From these findings we proposed
two models explaining the interaction of NF-κB with the nucleosome complex. The partial
unravelling of nucleosomes by NF-κB makes the DNA segment at the edge of the nucleosome
core accessible, facilitating the transcription process. Thus, these results indicate that NF-κB
possesses the properties of a pioneer factor, enhancing its ability to facilitate rapid transcriptional
response to cell stress.
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CHAPTER 7. PROSPECTIVE METHODOLOGICAL APPROACHES
Work from manuscripts: Nanorings to probe mechanical stress of single-stranded DNA mediated
by the DNA duplex, and Three-way DNA junction as an end label for DNA in Atomic Force
Microscopy studies, pending submission
7.1

Introduction
In the previous Chapter, we describe progressive studies aimed to expand the future of

nucleosome research to more complex systems. Here ,we present two projects directed at
enhancing the approach to studying said systems.
7.1.1

DNA Nanoring Design to Probe Mechanical Stress
In the first project, we designed a new approach to studying another property of

nucleosomes- intrinsically strained DNA regions. During various biological processes, such as
transcription, replication, and packaging, DNA undergoes substantial structural changes.
Conformational changes of the DNA duplex have been identified in these processes and are wellknown (207–209). At the same time, these processes are accompanied by the transient formation
of single-stranded DNA (ssDNA) segments, which coexist with DNA duplex conformations (210,
211). The mechanical properties of both types of DNA are dramatically different. DNA duplex is
a very stiff polymer with a persistence length as large as 150 bp (212, 213), whereas ssDNA is
much softer with a persistence length as small as 2-5 residues (214, 215). DNA transcription,
replication, repair, and recombination are accomplished by specialized protein machines which
produce variations of the DNA duplex structure, such as twisting and bending. Several enzyme
families (topoisomerases, gyrases, and helicases) participate in the generation and relaxation of
torsional mechanical stress on DNA (216, 217). However, mechanical stress, due to the large
persistence length of the DNA duplex, covers large DNA segments. Neighboring soft ssDNA
segments can absorb mechanical stress, decreasing the tensions within the DNA duplex. The
importance of mechanical stress is clear; DNA polymerases have been shown to display elevated
activity at low force (218), while the binding of single-stranded binding proteins such as RPA
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display force-dependent activity (219). Moreover, CRISPR/Cas9 off-target activity is increased
due to DNA stretching (220). This interplay in the mechanical properties of ssDNA and the
duplex, however, has not been well studied thus far.
In this project, we describe an approach that allowed us to demonstrate how the high stiffness of
the DNA duplex induces a mechanical strain on the ssDNA segment. In our approach, a DNA
duplex with the size comparable to the persistence length is connected into a circle linked by a
ssDNA with 30 residues, which we term nanorings. We show that tension within the duplex
stretches the ssDNA connector, so its end-to-end distance is increased by 16% on average. Time
lapse AFM imaging revealed broad dynamics of the overall shape of such DNA nanorings,
capable of significantly extended end-to-end distances, and thus, increased imposed force.
7.1.2

Methods

7.1.2a DNA Nanoring and Gap Construct Preparation
The DNA sequence used for the nanoring was designed using the data from (213) for
ideal DNA rigidity and then optimized for amelioration of hairpin formation. Circularization of
190t ssDNA was performed using a modified version of the protocol published in (221). The
process is shown schematically in Figure 7.1.1. Briefly, a 10 μl mixture containing 2μM 190 nt
pre-ring DNA, 1x T4 ligation buffer, and 1x T4 polynucleotide kinase was incubated at 37°C for
60 minutes. The resulting DNA was then incubated with the 20nt splinting oligo at a 1:1.5
DNA:primer ratio at 16°C for 20 minutes.
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Figure 7.1.1: Nanoring Circularization. (A) The ligation of the 190 nt ssDNA using a splinting
oligonucleotide (B) Ligation of the ring with T4 ligase. ( C) Annealing of the 190 nt ring with the
160 nt ssDNA complement to yield the final ring construct (D) in which 160 bpDNA duplex is
connected with the 30nt ssDNA segment marked with red.

139

The DNA:primer mixture was then incubated in a 1 mL solution containing 0.1x T4
ligation buffer and 400 units of T4 DNA ligase resulting in a final concentration ratio of 20nM
DNA:30nM primer. This mixture was incubated at 16°C overnight. Fresh 10x T4 ligation buffer
was then added to achieve a final 1x buffer concentration, followed by an additional incubation at
4°C for 3 days to complete ligation.
After ligation was completed, the mixture was incubated at 65°C for 10 minutes to
inactivate the ligase. A 1.15x excess of 160 nt hybridization oligo was added to the mixture and
heat annealed. Annealing was achieved by suspending the mixture in 400 mL of boiling water
which was then left to gradually cool to room temperature. Rings were then stored at 4°C in
buffer containing 10mM Tris, pH 8.0. 1mM EDTA may be added for long term storage.
Gap constructs were prepared with a simple annealing step. The 190 nt pre-ring oligo was
incubated with 80 nt hybridization oligo 1 and 2 at a ratio of 1:1.15:1.15 pre-ring
oligo:hybridization oligo 1:hybridization oligo 2. The mixture was suspended in boiling water
that was then allowed to cool to room temperature. The gap constructs were stored at 4°C in
buffer containing 10mM Tris, pH 8.0.
7.1.2b AFM Imaging
AFM imaging in air was performed as described in previous Chapters. For time-lapse
AFM imaging, The AFM used is a Nanoscope V system modified to incorporate a small
cantilever head during an open-science workshop at EPFL in the laboratory of Professor Georg
Fantner (112). Samples were imaged using FASTSCAN-D probes. Captured images were
500nmx500nm in size and a resolution of 1nm/pixel. Scan rate was 14.6 Hz.
7.1.2c Data Analysis
DNA contour length analyses for nucleosome studies were performed as described in
previous Chapters. For nanoring studies, the ends of dsDNA regions were identified based on
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2nm height of the dsDNA and the shortest path between the two ends of the dsDNA was used as
the equivalent of the end-to-end distance of the ssDNA. The non-circular gap construct was used
as a reference for non-strained ssDNA end-to-end distance. All graphs were produced using
Origin software.
7.1.1

Results

7.1.1a Nanoring Characterization
To assess the stretching of our DNA nanoring design, we imaged both nanorings and
gaps in aqueous solution. Representative images of the DNA nanoring construct and gap DNA
construct in aqueous buffer is shown in Fig. 7.1.2. The blue lines in the traces below the zoomed
images represent the contour length measurements of the double stranded DNA, while the red
lines represent the end-to-end length measurements of the single stranded DNA. Note that in the
images, we are able to visualize the presence of single-stranded DNA regions.
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Figure 7.1.2: Nanostructures in liquid. Representative images of nanoring complexes (A) and
gap constructs (B) with zoomed examples (i-ii) imaged in liquid. Cartoons below images depict
measurements of double-stranded DNA (blue) and single-stranded DNA (red). Scale bars indicate
100 nm in large scale images and 10 nm in zoomed images.
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We plotted the end-to-end distance data as a histogram, shown in Fig. 7.1.3. Gap ssDNA
distance is shown in the blue histogram above, while nanoring ssDNA distance is shown in the
red histogram below. We found that the mean end-to-end distance of the nanoring constructs
(11.1 nm +/- 0.2 SEM, n=265) was 16% larger than the end-to-end distance of the non-circular
gap constructs with identical sequence (9.6 nm +/- 0.2 SEM, n=207), indicating a statistically
significant stretching of ssDNA (p<0.001).
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Figure 7.1.3: End-to-end distances. Histograms of end-to-end distance of gap ssDNA and
nanoring ssDNA. Comparison of end-to-end distances show a significant increase in nanoring
construct compared with the gap construct (p<0.001).

144

Time-lapse AFM imaging of the DNA nanorings allowed us to track the dynamics of
individual particles over time. Successive frames from time-lapse AFM imaging following three
individual nanorings can be seen in Fig. 7.1.4A. Green, red, and blue arrows each follow a single
selected nanoring across frames to exhibit their dynamic nature. The nanoring indicated by the
green arrow is shown to occupy roughly the same position across frames. However, a clear
change in orientation happens between frames 16 and 22. The single stranded region, on the right
side of the nanoring in frames 6 to 16, is shown to suddenly face left by either “turning” or
“flipping” in frame 22. The nanoring indicated by the blue arrow shows fluctuations in end to end
dsDNA distance before leaving the viewing frame in frame 17, indicative of the freedom of
movement of the DNA on the functionalized surface. The nanoring indicated by the red arrow
shows the most interesting dynamics- in frame 6, it is shown in a standard circularized shape.
However, in frame 9, the nanoring adopts a transient folded shape, similar in shape to a “3”. This
shape rapidly changes to a figure “8” shape in frame 10. These transient morphologies display
twists and a substantial strain imposed on the ring compared with the circular shaped
counterparts, as indicated by the end to end distance. This figure “8” persists until frame 22, at
which time the nanoring again adopts a circular shape. Over the last ten frames, the ring displays
an increased end to end difference.
Moreover, fluctuations in end-to-end distance between the double-stranded DNA ends
can be measured on a frame by frame basis. This analysis is shown in Fig. 7.1.4B. The green
squares, red circles, and blue triangles show the fluctuations in particles 1, 2, and 3, respectively.
Corresponding to the frames above, we see that particle 1 (green arrow) maintains a relatively
stable end to end distance throughout the experiment, despite the nanoring “flipping” over, with
end to end distances ranging predominantly from 13-17 nm. Particle 2 exhibits a larger range of
distance, from a more “compact” form in frame 6 corresponding to 8 nm distance to as high as 16
nm before leaving the viewing frame, indicating a large strain upon the nanoparticle. Particle 3
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has the most significant fluctuations. After adopting the figure “8” morphology, the ring is more
strained over time until frame 19, at which time it rapidly adopts a compact form with end to end
distances as small as 4 nm. Through the rest of the experiment, the end to end distance increases,
reaching at one point a distance of over 20 nm. These transient structures had end-to-end
distances as great as 60% longer than the median for the long-lived morphologies. However, the
nanoring remains intact, as it reverts to the standard nanoring shape most commonly seen in
frame 22, albeit with significant fluctuations in end to end distance. These results reveal the
dynamic nature of the nanoring structures.
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Figure 7.1.4: Nanoring dynamics. Time-lapse AFM data of nanoring dynamics. (A) Selected
frames taken from time-lapse experiments following three nanorings. Green arrow indicates
particle 1. Red arrow indicates particle 2. Blue arrow indicates particle 3. (B) Graph showing the
fluctuation of end-to-end distance for each nanoring dependent on the frame number.
7.1.4

Discussion

7.1.4a Application of Nanorings
Prior publications have found forces up to 10pN facilitate the activity of DNA binding
proteins (218, 222). A myriad of biological processes in living organisms generate
mechanochemical forces which then impact the functioning of said organism. While these
phenomena are ubiquitous and well known, their function is often poorly studied. Stretching of
DNA is particularly poorly studied in the context of living cells, which is in stark contrast with
the deep and comprehensive knowledge about the intrinsic mechanical properties of DNA. In
fact, even the magnitude of the mechanical forces experienced by the DNA during common
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cellular processes is unknown. It is also not clear whether there are any cellular processes capable
of sensing the changes in these forces and responding to them as a part of homeostatic feedback
loops. There have been a handful of reports of enzymes responding to mechanical stress in vitro,
which implies plausibility of existence of such feedback loops, but, to our knowledge, no
experimental data from living organism exists. One of most promising compartments of the cell
in this regard is the replication fork. The leading and lagging strand contain ssDNA regions and
enzymes, moving across the substrate and thus generating mechanical forces; most importantly
though, the replication fork involves physical coupling of the two replication machineries
(leading and lagging) to synchronize their progression speed. The mechanical forces in the
replication fork become even more interesting in context of DNA lesions potentially increasing
the exonuclease activity, and thus the error-checking of the polymerases by altering the template
strain. This is further supported by non-linear relationship between the polymerization speed and
strain (218). The homologous recombination is another major cellular process which likely
subjects DNA to mechanical forces, since it involves long stretches of ssDNA being coupled to
each other prior to strand migration. Longer, and more stressed ssDNA may be generated via use
DNA helix bundles, which increase the spring stiffness by 2-3 orders of magnitude (223). A prior
publication has demonstrated the applicability of the DNA origami technique for the controlled
application of force to dsDNA (224).
To prepare our intrinsically strained DNA, we took advantage of the fact that DNA has drastically
different mechanical properties depending on its secondary structure. Single-stranded DNA has
very low bending stiffness and collapses into a random coil in aqueous media (225, 226), thus
acting as a tension spring. At the same time, double-stranded DNA is 15-30 times stiffer and
behaves as a semi-rigid rod (212), making it a perfect cantilever spring. When coupled in the
shape of a ring, these two springs keep each other under stress: the ssDNA coil tries to pull the
ends of dsDNA closer to each other, bending the rigid helix, which in turn tries to return to
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straight shape, stretching the ssDNA. As a result, a single ring combines a model of bent dsDNA
and stretched ssDNA. The magnitude of the generated forces can be controlled by altering the
length of each spring, as well as by modifying the sequence of dsDNA based on pre-existing
research (213). The preparation of our model system is simple and straightforward: 190
nucleotide circular ssDNA is prepared via splint ligation and annealed with a 160 nucleotide noncircular ssDNA. The simplicity of our model allows it to be easily incorporated into any variety
of studies involving mechanically stressed DNA, and the results contained within this section
provide a promising framework for utilizing mechanically stressed DNA in the study of
biological processes.
7.1.4b Conclusion
In conclusion, here we designed a hybrid DNA nanoring structure that can be used to
probe mechanical stress. We have shown that our model induces stretching of the ssDNA using
AFM and time-lapse AFM and revealed complex structures the DNA is able to adopt in a
dynamic environment. In future studies, we would like to apply our nanostructures to the study of
DNA-protein complexes, such as SSB, A3G, and nucleosomes.
7.2.1

DNA-Based End Label for AFM Studies
In the second project, we designed a new DNA-based terminal label utilizing a three-way

junction as an alternative and improved approach to precise position identification along a DNA
substrate. Precise position determination is of upmost importance for DNA-protein AFM studies,
such as those with nucleosomes. However, labeling methods such as the biotin-SA interaction for
AFM studies (227–229) can complicate analysis. Bulky protein appearance, as noted by our
group and others (230), can introduce ambiguity to analysis, a problem that led us to utilize RZ in
Chapter 4. At the same time, the stability and binding efficiency of avidin-like proteins is less
desirable (109). Nonspecific or unwanted interactions can occur with protein labels such as SSB
(231). Moreover, ionic strength can modulate both DNA and protein properties (232–235),
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including nucleosome compaction (236–239), another problem that can arise when using protein
labels requiring different buffers for efficient binding. Thus, a DNA-based label is ideal. One
group successfully applied a single-stranded DNA loop as a terminal label for AFM studies (240),
but the yields and required materials were not ideal.
Our method allows for DNA labeling to occur in the same conditions as the complex of interest,
without concern of unwanted protein-protein interactions or protein ambiguity. We found that our
DNA label can be produced with high efficiency and serves as a reliable terminal label for DNA
and protein-DNA complexes in both AFM experiments performed in air and HS-AFM studies in
an aqueous environment.
7.2.2

Methods

7.2.2a Three-way Junction Preparation
The oligonucleotides comprising the three-way junction were designed to have
complementarity to one another in order to form the ”Y” shape of the three-way junction. A six
nucleotide thymine repeat was added to Y2 to give rigidity to the Y structure. A three nucleotide
overhang was added to Y1 to facilitate ligation to the full DNA construct. The oligonucleotides
used and a schematic of the three-way junction is shown in Figure 7.2.1. To form the three-way
junction, the three oligonucleotides (Y1, Y2, Y3) were mixed at an equimolar ratio and annealed
by heating to 95°C. Assembly was verified by gel electrophoresis.
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Figure 7.2.1: Three-way junction label. (A) Oligonucleotides used in three-way junction
assembly. (B) Schematic of three-way junction.
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The DNA substrate used in the experiments is 356 bp in length. It is generated from PCR
using a plasmid vector pUC57 with these primers. The primer includes the cutting region for
restriction enzyme SapI (New England Biolabs, Ipswich, MA) which creates a 3 nucleotide
overhang complementary to our three-way junction after cutting. The DNA substrates were
concentrated from the PCR product and purified using gel electrophoresis. The purified DNA was
then digested with SapI and ligated with the Y junction overnight at 16°C. The final product was
then purified by gel electrophoresis. A representative gel can be seen in Figure S1B. DNA
concentration was then determined using NanoDrop Spectrophotometer (ND-1000, Thermo
Fischer) and stored at 4°C before being used for experiments.
7.2.2b AFM Imaging
AFM imaging in air was performed as described in previous Chapters. High-speed
imaging was performed as described in our previous literature(103, 108, 113). Briefly, a thin
piece of mica was punched into 2 mm diameter circular pieces, which were glued onto the sample
stage of the HS-AFM (RIBM, Japan). For functionalization of this mica surface, 2.5 μL of 500
μM APS solution was deposited onto the mica and incubated for 30 min by covering with a wet
cap. The mica surface then was rinsed with 20 μL of deionized water. 2.5 μL of the DNA or
nucleosome sample was deposited onto the APS functionalized mica surface and incubated for 2
min. The sample was then rinsed and put into the fluid cell containing the imaging buffer
described above. During the whole process, the mica surface was not allowed to become dry.
Imaging was carried out by HS-AFM using electron beam deposition (EBD) tips. Typical scan
size was 300 × 300 nm with a scan rate of 500 ms/frame.
7.2.2c Data Analysis
DNA contour length analyses for nucleosome studies were performed as described in
previous Chapters. For three-way junction studies, DNA contour length analysis of naked DNA
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was performed by tracing the DNA from the free end to the center of the DNA label. DNA label
length was performed by measuring from one end of the label to the other.
7.2.3

Results

7.2.3a Three-way Junction Characterization
The DNA label and long DNA substrate were prepared separately for experiments using
the methods described above before being ligated and purified. DNA samples were then
deposited on functionalized mica for AFM imaging. We were able to visualize the DNA
substrates labeled with the three-way junction. A representative image AFM image of the labeled
DNA is shown in Figure 7.2.2A. White arrows indicate the presence of the DNA label on the
substrate. Yield of DNA labeling was measured by counting the number of clearly defined DNA
labels compared with the total of clearly defined DNA molecules and was determined to be 69%
(n=198), indicating successful visualization of the label using AFM.
Visualization of the three-way junction labels in the AFM experiments revealed different
conformations of the DNA label at the end of the substrate. Representative zoomed in images of
different label conformations are shown in Figure 7.2.2B. Three classes of DNA label
conformations were identified: an open “T” label conformation (shown in Figure 7.2.2B(i)), a
bent “Y” label conformation (shown in Figure 7.2.2B(ii)), and a condensed “bulge” label
conformation (shown in Figure 7.2.2B(iii)). The “T” conformation was found the be the most
common (P=0.53), followed by the “Y” conformation (P=0.39). The “bulge” conformation was
the minor species (P=0.08). This indicates that the label is flexible, allowing the three-way
junction to adopt different, but still clearly visible, conformations.
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Figure 7.2.2: Three-way junction label on free DNA. (A) Representative AFM image of threeway junction label on DNA. White arrows point to label. (B) Snapshots of DNA with open “T”
label conformation (i), bent “Y” label conformation (ii), and condensed “bulge” label
conformation (iii). Scale bars indicate 50 nm.
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After verifying the successful assembly of our terminally labeled DNA substrate, we
aimed to test whether this assembly could be used to study protein-DNA complexes. We chose
nucleosomes as our protein-DNA complex of study. Nucleosomes were assembled on the
terminally labeled DNA substrate using the gradient dialysis approach described in the methods
section. After assembly, complexes were deposited on functionalized mica and imaged using
AFM.
A representative AFM image of nucleosome assembly with selected snapshots is shown
in Figure 7.2.3. The bright white features shown in the images are the nucleosome core particles,
with DNA flanking either side. White arrows in Figure 7.2.3A indicate the three-way junction
labels. Indeed, we are able to both successfully assemble nucleosome complexes on the labeled
DNA substrate and visualize the three-way junction label. Snapshots in Figure 7.2.3B show
several examples of successfully assembled and labeled nucleosome complexes. The position of
the nucleosome varies throughout the different snapshots, as indicated by the distance of the core
particle from the labeled end of the DNA. Using this method, one can accurately determine the
DNA sequence occupied by the nucleosome based on the position relative to the three-way
junction label.
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Figure 7.2.3: Nucleosomes assembled on labeled DNA. (A) Representative image of assembled
nucleosomes. White arrows indicate label. Scale bar indicates 100 nm. (B) Selected snapshots of
nucleosomes with label present. Scale bar indicates 50 nm.
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When studying DNA and protein-DNA complexes, one of the greatest points of interests
is often the dynamics of the system. Thus, we aimed to test whether the three-way junction
terminal label would be satisfactory for studies of dynamics using HS-AFM. With this method,
we are able to visualize the dynamics of a system in an aqueous environment, with a HS-AFM
instrument capable of capturing images on the sub-second timescale. Here, we assembled
nucleosomes and imaged them in aqueous buffer using our HS-AFM. We followed the dynamic
unraveling of a mononucleosome assembled on our labeled DNA substrate. Snapshots from this
video are shown in Figure 7.2.4. In frame 1, we see a clear assembled nucleosome, shown as the
bright circular feature flanked by DNA, and the DNA label, shown in the “T” conformation at the
bottom terminus of the substrate. The nucleosome undergoes a rapid unraveling step in frame, as
indicated by the shift in DNA morphology and the apparent decrease in the size of the
nucleosome core particle. Over the next 15 frames, this core particle slowly dissociates, first into
two circular features in frame 10, then as one in frame 20. By frame 25, the nucleosome core
complex has completely dissociated. Note that in this frame, the three-way junction label is still
clearly visible, but it briefly adopts a “Y” conformation. The final twelve frames display very
mobile DNA adopting different morphologies and even appearing to interact with histone
proteins, as seen in frames 30 and 37. This result indicates clearly that the three-way junction
label can be useful for protein-DNA dynamics studied using HS-AFM.
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Figure 7.2.4: HS-AFM of mononucleosome. High-speed AFM imaging of nucleosome
dynamics on labeled DNA. Nucleosome unravels and disassociates from the DNA. The label is
visible throughout. Scale bar indicates 50 nm.
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7.2.4

Discussion

7.2.4a Application of Three-Way Junction Label
In previous Chapters, we utilized SA, RZ, and 601 to identify positions along the DNA
substrate that our nucleosomes interact with. However, the aforementioned approaches have
downsides, such as the changing of buffers, biotinylation of DNA, undesirable protein-protein
interactions, and more, as mentioned above. The design of a DNA-based end label overcomes
these difficulties. Moreover, we can create this cheaply and efficiently at high volume.
While the DNA substrate used in this experiment was designed with the restriction site to
match the label overhang in mind, this is not necessary. Primers can be designed for nearly any
DNA substrate of interest to include the restriction site within (241). Hence, this design will be
used in future experiments concerning nucleosomes assembled on different sequences,
particularly experiments such as those described in Chapter 5, with no need to reorder or redesign
plasmids used to produce our DNA substrates.
7.2.4b Conclusion
In conclusion, we successfully designed and implemented an efficient and clearly
identifiable three-way junction DNA label. This label is observable in the majority of complexes
imaged and was shown to be useful in both AFM and HS-AFM studies. Thus, the results
presented in this section can be utilized in a vast array of AFM studies in the future, particularly
those involving nucleosomes and other protein-DNA complexes.
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CHAPTER 8. SUMMARY
The research described above has several significant contributions to understanding the
molecular mechanisms of chromatin assembly and the means by which to study it.
8.1

DNA Sequence and Internucleosomal Interactions
We first demonstrated that DNA sequence can dictate the assembly of nucleosomes.

Nucleosomes assembled on non-specific sequences can assembly randomly along the DNA
substrate, whereas nucleosomes assembled on a substrate containing the artificial Widom 601
sequence homogenously position within the 601 region, despite the presence of non-specific flank
DNA. The random assembly of nucleosomes is changed, however, by the presence of a second
nucleosome. We identified an effect of internucleosomal interactions bringing neighboring
nucleosomes close to one another- in more than 50% of cases, within 50 bp of one another. This
was the first direct comparison of nucleosome assembly on different substrates at the single
molecule level. These results indicated the importance of both DNA sequence and
internucleosomal interactions in the assembly of nucleosomes. Moreover, these results suggested
that the histone structure was a critical factor in the nucleosome assembly, leading to our studies
on histone H4 tail and CENP-A.
8.2

Histone Modifications
In Chapter 4, we investigated our hypothesis that the histone components critically

impact the nucleosome assembly. We chose a truncated histone H4 variant as a focus of study to
elucidate the role of the histone tail, as histone H4 is well conserved and ubiquitous, as well as
having a suspected significant role in internucleosomal interactions. We found that nucleosomes
lacking the H4 tail are destabilized, becoming less wrapped in a sequence dependent manner.
However, this destabilization is rescued by the introduction of a second nucleosome, indicating
that the internucleosomal interaction stabilizes both nucleosomes. This finding was surprising and
significant in that, not only did we reveal a loss of histone-DNA interaction in the absence of the
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H4 tail, but also that internucleosomal interactions remain strongly intact without the H4 tail.
These findings are in contrast to the previously held beliefs that the H4 tail is a major factor in
internucleosomal interactions, but not histone-DNA interactions.
8.3

Nucleosome Arrays
Building off of our research in Chapters 3 and 4, we investigated our hypothesis that

DNA sequence and internucleosomal interactions are essential for the self-assembly of
nucleosomes into higher order structures. We found that higher order nucleosome structures show
heterogenous, largely compact structures, which differ from the well-organized structures with
uniform spacing in the solenoid models. We found that the compaction of the arrays could not be
explained by random placement, suggesting that the nucleosomes are able to actively interact and
form compacted structures. We identified a cutoff value of ~30 bp at which nucleosomes are able
to interact and form such structures. Moreover, we developed a theoretical model that is able to
accurately predict the prevalence of compacted structures depending on the sequence of DNA
that they are assembled on.
8.4

Prospects
Understanding the nucleosome structure and dynamics is a critical step in mapping out

the human epigenome, allowing for the identification of new classes of drug targets to treat
genetically inherited diseases and diseases caused by the dysregulation of chromatin structure.
This is the ultimate goal of this research. Chromatin, being an exceptionally complex system,
requires a ground-up approach to fully characterize. Here, we have started from the simplest
level, the mononucleosome on a positioning sequence, and increased the complexity of our
systems, expanding to other sequences, dinucleosomes, histone modifications, and most recently,
tetranucleosomes on different sequences. In the future, we can expand these studies to capture
other critical components, including histone H1, histone variants such as CENP-A, chromatin
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remodelers, and transcription factors, amongst others. Below, we discuss a few of the ongoing
experiments designed to achieve this aim.
8.4.1

CENP-A

In Chapter 6, we investigated the role of specialized histone variant CENP-A on centromere
DNA. It is known that both the histone variant and DNA motifs are unique to the centromere,
suggesting they have unique characteristics that are critical to centromere function, but their
importance and function is not well understood. We found that CENP-A nucleosomes treat
centromere DNA the same as non-specific DNA when positioning. Wrapping efficiency indicated
a more stable complex on centromere DNA. Overall, our results indicate that the unique histone
variant and DNA sequence are not enough to explain the special properties of the centromere. We
proposed looking at associated proteins, such as CENP-B and CENP-C in complex with CENP-A
nucleosomes to elucidate the mechanism of unique centromere assembly.
8.4.2

Transcription Factors
We investigated the interaction between transcription factor NF-κB and nucleosomes.

Transcription factors must, at times, interact with nucleosomal DNA, and we hypothesized that
NF-κB, being a rapid-acting transcription factor, would be able to access nucleosomal DNA. We
found that NF-κB is capable of interacting directly with the NCP. We did not observe nucleosome
translocation or eviction, but we identified an unwrapping effect of NF-κB on the nucleosome.
We proposed two models explaining the interaction between NF-κB and the nucleosome.
Moreover, we posit that NF-κB is capable of acting as a pioneer factor. More studies in the future
can and should investigate the interaction of other rapid-acting transcription factors with
nucleosomes and higher order structures.
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8.4.3

DNA Structures
In our final two forward-looking studies, we created DNA structures that can be used to

look at nucleosomes in new ways in the future. One structure is a hybrid DNA nanoring. We
successfully created a nanoring structure that we demonstrated is capable of inducing mechanical
stress on the DNA. This structure can be easily modified and cheaply produced at a large scale. In
the future, it can be used to explore the effects of mechanical stress on the nucleosome, which is
relevant in that an intrinsic property of nucleosomes is that they wrap DNA well below the
persistence length, inducing mechanical stress.
Our other structure we designed was a DNA-based terminal label for DNA and proteinDNA complexes. A DNA-based label eliminates many of the downsides of using other labels,
such as streptavidin. We were able to produce the label successfully and efficiently and complex
it with our DNA substrates. We demonstrated the applicability of the label in the study of
nucleosome complexes, both in dry imaging and in high-speed liquid imaging. Any and all future
studies of protein-DNA complexes, particularly nucleosomes, can utilize this label for easy
identification of position along the DNA substrate.
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